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The Analysis of Frame Vibrating Systems’ 


Motonobu YONEKAW At 


Free and forced vibration problems of a portal frame composed of uniform beams are 
analyzed by making use of both the stiffness matrix of beams and electrical network ana- 


logies. 


The natural frequencies: and normal functions of the frame are calculated, and 


frequency responses of displacement at the tip of the frame under external concentrated 
force are obtained by the method of normal function expansion. 


Introduction 


As a modei of a vibrating system which 
serves the purpose of research on the trans- 
fer characteristics of mechanical vibration 
transmitted from one point to another, a 
frame structure was devised where two canti- 
levers are arranged in parallel and their free 
ends are rigidly connected with a connecting 
beam. 

The analysis of the vibration of structures 
composed of uniform beams has been carried 
out by many authors: Veletsos and Newmark 
G) described a method of calculating the 
natural frequencies of the undamped vibration 
of continuous beams and of rigid-jointed 
frames, and defined the “dynamic flexural 
stiffness” of the uniform beam; R.E.D. Bi1- 
shop analyzed the natural frequencies of 
structures, such as portal frames, by using 
the “receptance” of the beam; and A: Oku- 
mura®? established a general method to 
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analyze vibration and stability problems of 
linear mechanical structures by using the 
“stiffness matrix” and the “transfer matrix.” 

In these papers, a single beam is regarded 
as the unit-system of the structures, and the 
whole system is represented by connecting 
the unit-systems, concerning each of which 
the relations among displacements, rotations, 
bending moments and shearing forces at both 
ends are known. 

These methods are analogous to those 
adopted in electrical network theory, and 
therefore network analogy is effective. The 
papers mentioned above are lacking in such 
analogous consideration. 

On the other hand, by regarding a beam 
as a multiterminal transmission line, G. Kron 
“) has derived the equivalent circuits of a 
beam by assuming forces to represent currents 
and displacements to voltages. His method of 
consideration, however, is quite different from 
that of the other authors’. The purpose of 
this paper is to analyze the vibration problems 
of frames, such as natural frequencies and 
normal functions, by using the stiffness matrix 
of beams and the methods of network analy- 
sis. The stiffness matrix of a beam is derived 
in Section @), network analogy is given in 
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Section @), and free and forced vibration 
problems are described in Section ( and ©). 
The forced vibration problems,, such as the 
frequency characteristics of displacement at 
any point of the frame when the system is 
driven by an external force, are analyzed 
using the normal functions of the system. 


Definition of Symbols 


A, B, C: Beams which compose the frame. 
D: Generalized displacement. 
E: Young’s modulus. 
F,-F;: Elements of dimensionless stiffness 
matrix. 
(F]: Stiffness matrix. 
(F] : Dimensionless stiffness matrix. 
I: Second moment of sectional area 
around neutral axis. 
1: Length of beam. 
rae Bending moment. 
=ap/as—4 V opEals/oaEslo(lp/la). 
P: External force. 
Q 
S 


: Generalized force. 
: Shearing force. 

T: Axial force. 

X=x/1: Dimensionless coordinate along the 
beam. 

x: x-coordinate. 

a=4 /p0*/EI +l. 
Am =4 / 00m/EI +1: m-th eigenvalue of 
the system. 
B=(Esls/lz)/(Eals/la) : Ratio of the 
bending rigidity of beam B to 
beam A. 
n: Transverse displacement of beam. 
n=n/l: Dimensionless form of 7. 
7", 9 =dn/aX, dn/dX*, din/dX3, re- 
spectively. 

@?: Angular rotation (=dy/dz). 

wt: Mass ratio of beam B to beam A. 

€: Displacement in the axial direction 

of beam. 

=, : m-th normal function of the system. 

o: Mass of beam per unit length. 

w: Angular frequency of oscillation. 
_@m: m-th natural angular frequency. 
M,S: Dimensionless forms of M and S$ 

respectively. 
Q, D: Dimensionless forms of Q and D 


respectively. 
Values for beam A. 
Values for beam B. 


IB A Ie PA, OA 
Ex, In, OB, &B : 


1. The Stiffness Matrix of Beams 


A complicated framework becomes a set 
of isolated beams when the junction points 
of the system are disconnected. The individu- 
al beam, therefore, is considered as the unit 
system of the complete framework. 

When the vibration characteristics of a 
beam are known, those of the whole system 
composed of the beams can be found by the 
theory of connections. 


Fig. 1—Relations between section-forces, dis- 
placements and co-ordniates for the 
uniform beam. 


In this section, the relations between forces 
and displacements at both ends of a uniform 
beam subject to transverse vibration are de- 
rived. Referring to the coordinates illustrated 
in Fig. 1, the stationary free vibration of a 
uniform beam is represented by the following 
fourth order differential equation: 


d‘n/dX*—a‘n=0. 1) 
The general solution of Eq. (1) is 


n=asinaX+bcosaX+csinh aX +dcoshaX 
(2) 


where a, 6, c and d are arbitrary constant. 
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The time factor is assumed to have the 
form e', but has been omitted for simplicity. 

The arbitrary constants in Eq. (2), which 
are determined by the boundary conditions 
of the beam, have no direct physical mean- 
ing. As a result, they should be replaced by 
quantities with physical meaning (physical 
quantities). The physical quantities adopted 
are displacement, rotation, bending moment, 
and shearing force, and the positive directions 
of these quantities are chosen as indicated in 
Fig. 1. Then the following relation exists: 


7 y) ln 
ON) -C/han/gxX | 7 
M| | —CEL/P)dn/dX?\ | —CEI/D7" 
S (EL/I?) d?n/dX? 


CE ore 

| (3) 
where 7, 7’, —7”’, and 7’ are considered as 
dimensionless forms of 7, 6, M, and S re- 


spectively. Therefore, the following expression 
may be obtained: 


(4) 


wl =| al sl 
| 
= 


The suffixes 1 and 2 are used for the 
quantities at X=0 and 1 respectively. From 
Eq. (2), the following relation is obtained as 
a relation connecting both ends of a beam. 


12 c  st/a s-/a® —c-/o?)( 71 
0: as- ct i c/a? —st/a || 9B; 
ed atss ewe | che! —asr || 5, 
Me —abcr —asé | —st/a ct M, 
(>) 
where 


c*=(1/2) (cosh a+cos @), 
c-=(1/2) (cosh a—cos @), 
S+=(1/2)(sinh a+sin a), 
Se=(/2 sinh a@—sin.a)- 
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Eq. (5) shows that the quantities at X=1 
can be given by those at X=0. If the beam 
is considered as a vibration-transmission ele- 
ment, the coefficient matrix of Eq. (5) corre- 
sponds to the transfer parameter. Inversely, 
when it is desired to show quantities at X=0 
by those at X=1, these quantities are ob- 
tained by calculating the inverse relation of 
Eq’): 

Now, generalized force and generalized 
displacement of dimensionless form are defined 


as 
a-(> | D={ C2 
M; 0; 


Eq. (5) is simplified to 


eal) «© 


where A, B, C, and D are the submatrices 
of the coefficients of Eq. (5). From this, the 
relation between generalized force and gener- 
alized displacement is obtained as 


(a eeeatn la) 
(as a -C—DB-1A IDE Ds 


or 
Si By Fy Fe ol mh 
My | | obo Fu Ee Fal) Ba ae 
S: Fe Fy —F; P; 2 
M. —F, =f: F, —F, 0, 
where 
Fiz a(sin a cosh a—cos @ sinh @) 
‘= 


1—cos a cosh a 


me a(sinh a—sin a) 
*~ 1—cos acosha 


a? sin a sinh a 
i - a 
1—cos a cosh a 


a®?(cosh a—cos @) 


F,= 
: 1—cosacosha 
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a?(sin a cosh a+cos @ sinh a) 
1—cos a cosh a 


F= 


a3(sinh a+sin @) 
1—cos a cosh @ 


Fe= 


Eq. (6) can be simplified to 
NSC aM (6a) 


Here, the coefficient matrix [F) on the right 
side of Eq. (6a) is called the dimensionless 
stiffness matrix of a beam. 

Eq. (6) is shown in dimensionless form. If 
the connection of beams is considered, quanti- 
ties with dimensions must be used. The 
stiffness matrix [F] is related to the di- 
mensionless stiffness matrix [F) as‘? 


i vii 1 
Oil gos re nee Ee 
fac, lle ras cee ae ae 
Si sii Soi ho eee 
SS a 


where X is the notation used for the over- 
lap-multiplication of matrices of the same 
form; for example 


AxB-( 7 sa ee al 
a2, A22 ber de» 
=( a1 Dyz Ary Dre } 
A21 be, Ax2 deg 


The matrix [F] is called the stiffness 
matrix of a beam. The relation between 
generalized force [Q] and generalized dis- 
placement [DJ] is represented as 


(QI=(FID 1. (8) 


[F) corresponds to the admittance matrix or 
the impedance matrix in electrical network 
theory. This correspondence will be described 
in the next section. 

Next the case when a concentrated mass 
is attached to an arbitrary point of a beam 
will ke considered. 

When an external force Pe’*' is applied to 
the concentrated mass m, the followiug re- 
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lation is obtained: 
P=m“> =—mo%~ (9) 


where € is the displacement of the mass. 
Now can be described by the constants 
of the lateral vibrating beam as 


_ Flot 


r 


wo 


2 
m,. mass of the beam. 


where 


Therefore, Eq. (9) is rewritten as 


The stiffness F,, of the concentrated mass is 
shown by 


a = FT igh (10) 
g B 


or, in dimensionless form, by 
(10a) 


3. A Study of Lateral Vibrating Beams 
Using Network Analogies 


By the relations derived in the previous 
section, the characteristics of a uniform beam 
subject to lateral vibration has become obvi- 
ous; the transfer function connecting the end 
quantities is shown by Eq. (5), and the stiff- 
ness function by Eq.(8). These representations 
in matrix form show that beam systems may 
be treated in a manner analogous to that 
used in electric network theory. 

As correspondence between mechanical and 
electrical quantities, forces are assumed to 
represent currents, and displacements voltages, 
according to Kron’s beam analogies.“ 

Of course, the opposite correspondence is 
possible, but the former is more convenient, 
because fixed ends (zero displacement) corre- 
spond to earth points (zero voltage) of the 
network. and free ends (zero force) to open 
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points (zero currents), and as a resnlt, corre- 
sponding points can be described by the same 
symbols for both systems in the illustration. 

As for lateral vibrating beams, there appear 
two pairs of quantity at an end, ie. shearing 
force (S) and displacement (7), bending mo- 
ment (M) and angular rotation (0), so that 
if a beam is regarded as a multiterminal 
transmission line, two pairs of terminal are 
a, for each end of the transmission 
ine. 


Fig. 2—Uniform beam (a) and its equivalent 
circuit (b). 


The electrical network corresponding to the 
beam shown in Fig. 2 (a) can de shown by 
Fig. 2 (b), where the beam is represented by 
a box and only the terminals at both ends 
are shown. The interior of the box, which 
will not be considered at this time, represents 
a circuit with an admittance matrix equal to 
(F] in Eq. (8). S; and M; (i=1, 2) correspond 
to the currents flowing into or out of the cir- 
cuit, and y; and 9; correspond to the voltages 
at doth ends, respectively, 

Next, the equivalent circuit of a cantilever 
shown in Fig. 3 (a) is considered, where end 
(1) is fixed and end (2) is free. The electrical 
network is shown in Fig. 3 (b), where termi- 
nal (1) is earthed, and terminal (2) is open. 


From Egg. (6) and (7), the relations between 
currents and voltages at terminal (2) are 
obtained as 


A i F; 1 A2 
Mus ) eae leay! F3 eile >| 


a1) 


(a) 


Fig. 3—Cantilever (a) and its equivalent 
Circuit (b). 


M ei B M go 
eS Sage ae 
&2 
5 erer 2 
(a) 


T Bi 


Fig. 4—Roller-roller beam (a) and its equivalent 
circuit (b). 


The equivalent circuit of a vibrating system 
shown in Fig.4(a) is shown by Fig. 4 (b), 
where the S-terminal may be omitted because 
lateral displacements at both ends are zero, 


402 


and only the M- and the T-terminals are 
shown. If the extension or contraction in the 
axial direction of the beam is neglected, the 
circuit between the TJ-terminals becomes as 
shown by Fig. 4(b), where the admittance 
attached to the circuit is due to the mass 
inertial of the beam. 

Relations between currents and voltages are 


Tu=Trp—Tm=—mo%é, €3,=Fr2=6, 


Vee Ey A Gs 
_ FI . G2 
Cea Fla soe ) 


4. Natural Vibration of the Frame 


In this section, the natural frequencies and 
corresponding modes of vibration of the 
system shown in Fig.5(a) are calculated using 
the equivalent circuits in the preceding section. 

In the analysis, henceforce, it is assumed 
that the extensions or contractions of beams 
in the axial direction are neglected and that 
only plane vibration is taken into account. 


e/ut 


\ 
SS 
VERLee 


if 
| 


=< 
YA 


A \ L4 | 


Caray) 


| 


Fig. 5—Model of a vibrating system (a) 
and its equivalent circuit (b). 
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4.1. Natural Frequencies of the Frame 


The eigenvalues of the natural vibration of 
frames can be found by the following pro- 
cedures: 


(i) The stiffness matrices of the unit-system 
of which the whole system is composed are 
found, and they are shown by the equivalent 
circuits. 

(ii) The equivalent circuit of the composite 
system is constructed, and ifs stiffness matrix 
(F] is obtained. The formula det [FJ=0 
becomes the frequency equation of the system. 

(iii) The a, satisfying the frequency equ- 
ation is calculated. 


Procedure (i) has already been treated in 
the preceding section. 

The entire system and its equivalent circuit 
are shown in Fig.5. The stiffness matrix of 
the system can be obtained by G. Kron’s 
general method, but in this paper it is easily 
derived from the continuity of electric currents 
at the points ©, @, and @® in Fig. 5 (b). 
The continuities of currents at those points 
are expressed as 


at point @: —M4a,+Mz,=0 
at point @ —Mz.—Mc:=0 (13) 


at point @ —Sa:—Se.+Tu=0. 

By substituting Eqs. (11) and (12) into Eq. 
(13), and letting ya2=6, 04.=0%,, the homo- 
geneous equations of generalized displacements 
§, 0%,, and 0%, at connecting points are ob- 
tained. The stiffness matrix is the coefficient 
matrix of Eq. (13), and it is denoted by [F). 

The frequency equation is given by det 
(F]=0, which can be divided into two in- 
dependent equations as 


F\(A) + 6{F:(B) — Fx(B)} =0 (14) 
Pe —F3;(A) 

=() 
| —F(A) F(A) +8(F\(B)+F,(B)} 


(15) 
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where F;(A) and F;(B) are elements of the 
beam stiffness matrix and A and B indicate 
that @ in F; should be replaced by a or ag= 
NQs. 

In general, a4 satisfying Eq. (14) or (15) 
take an infinite number of discrete values, 
which are shown as a, ager Opin even in 
ascending order of value. 

The natural angular frequency ow,» corre- 


sponding to m-th eigenvalue am is calculated 
from 


(16) 


Eqs. (14) and (15) are respectively «the 


frequency equations referring to symmetric 
and antisymmetric modes of vibration about 
the symmetric axis of the frame. 

The values of a, calculated with an elec- 
tronic digital computer, illustrated in Fig. 6, 
are shown as functions of 8 (the flexural 
rigidity ratio of beam B to A) with para- 
meter #¢ when m=0.2. The Figs. (a)-(d) are 
the eigenvalues for antisymmetric modes, and 
Figs. 6 (e)-(h) are the eigenvalues for sym- 
metric modes. It is noteworthy that these 
are the values when the beam B is extremely 
close to the static region (m=0.2) and _ that 
therefore, these values can be considered as 
applying to beam A when it is statically 
constrained at one end. 


Fig. 6 (a)—lst eigenvalues for anti- 


symmetric mode. 


“I | 
sm sl | tte 
2.4 TTT #0 me 
I] [ gi 
pee toleiaiant 
eae +++ Je eat 
L=O0'3 
& 2.0} i ; 
fige='0) 6) 
1.8 
TH + 
1.6 
1.4 i IIIf rT 
5 10 20 30 


OLOZAOLOSTONOS Os 1s 022053 075 1 253, 5 
GB ' 


Fig. 6 (b)—2nd eigenvalues for anti- 


symmetric mode. 


=| te 
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|| Fig. 6(c)—3rd eigenvalues for anti- 
a symmetric mode. 


1 LI 
i G20305 i 2 nO ZUR SOM SOR a C0 


Fig. 6 (d)—4th eigenvalues for anti- 
symmetric mode. 


0.1 0.20.3 OFS 1 Bey eS) LOT S2033 03 50 OO 
B 

[ 4 TT T HT 
46) UI LU 
4.4 eRe ——- +t 

g L L| | 

4.2 
? r Ire l 
4.0. LL Fig. 6 (e)—1st eigenvalues for sym- 


metric mode. 
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|| Fig. 6 (f)—2nd eigenvalues for sym- 


(mo 0s0see4° 2 3.5 107 20°30 50 100 metric mode. 
B 
14.0 il LI 
s + 
13.6 | | 
4+} | 
13.4 t i Fig. 6 (g)—3rd eigenvalues for sym- 
aes ee ESTE SEN a ores We Ht) 3 
OMMODOscOS6a. 1. 52) 2 65.9 40) 20 30° 50. 100 metric mode. 
B 
eel T - 
10.8 +H 1 
~ 10.6 | 4 
E vag 
10.4 tH TH] 
UI = 7 Fig. 6(h)—4th eigenvalues for sym- 
10.2 — ee metric mode. 
(fe 0 5055 1202S. 5 10 20 30. 50- -100 
B 


4.2 Natural Modes of Vibration; 
Normal Functions 


Natural modes of vibration are the eigen- 
functions corresponding to the eigenvalues a, 
71 2, rie ) which satisfy the frequency 
equation. 

If am is given, the relative values of §, 0: 
and @z: are determined from the homogeneous 
equation (13). 

On the other hand, the modes of vibration 
of a beam can be determined, provided that 
the four quantities as both ends are known. 
Therefore, from the displacements and slopes 


at the connecting points obtained through the 
homogeneous equation, the relative displace- 
ment at any point of beam can be calculated. 

The modes of vibration can be divided into 
symmetric and antisymmetric modes about 
the symmetry axis of the frame, just as the 
frequency equation can be divided into two 
independent equations. The equivalent vibrat- 
ing systems for both modes are shown in 
Fig. 7, which are the upper half of the whole 
structure. 

The calculations of modes of vibration were 
carried out for these equivalent vibrating 
systems. 
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(En./n. Pad (En,/a. Pa) 


13/2 


aN 
ah ~ Fig. 7—The equivalent vibrating systems 
for symmetric mode (a), and for 
antisymmetric mode (b). 


: lg =1g/2 


a=11.345 


Fig. 8 (a)—The normal functions of anti- 
symmetric mode; (/s/l4=0.5, 


Exlp/Easls=0.5, 03/p4=0. 5). 
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Here, the m-th natural mode of vibration 
of the system is denoted by ym. The ampli- 
tudes of 7» can be chosen at will, but it is 
most favorable, especially for the analysis of 
forced vibration, to normalize them. The 
density integration of m2 over the whole 
framework is normalized to M, the mass of 
the system. 

These functions are called the m-th normal 
functions of the system and written as Fn. 

Fig.8 shows one example of £, of the 
system with the following dimensions: 


le als 


ia Els =0.5, 


Ob. 
These results were calculated with an elec- 
tronic digital computer. 


5. The Analysis of Forced Vibration 


The analysis of forced vibration is possible 
by a method analogous to that of solving 
network problems through equivalent circuits 
previously derived. In this case, the Ho- 
Thevenin theorem is also available. 

This method is suitable for direct analysis 
of the problems of forced vibration, when the 
characteristics of free vibration are unknown. 
When they are already known, ie., when 
the eigenvalues and the normal functions of 
the system are already given, forced vibration 
can be calculated more easily by making use 
of them. 

This section treats the methods to analyze 
vibration of the frame by the characteristics 
of free vibration calculated in the preceding 
section, and also the results of analysis. The 
driving force is assumed to have the form 
Pei*', In general, the response of the vibrat- 
ing system driven by this external force is 
represented as the sum of a transient term 
and a steady term. 

But, here, only the steady term is consider- 
ed. 

The steady component of displacement é, 
of the system driven by the concentrated force 
P,e** is given by 


Ps S Sa ig (yee 17) 


- 
Sy 
M m=) Om Om 


where X and Y represent respectively the 
driving point and the point under consider- 
ation, M the total mass and 5, the normal 
function of the system. 

Forced vibration of the frame structure can 
also be analyzed through Eq. (17) by using 
&m of the structure. It should be noticed that 
there exist two types of vibration modes, 
symmetric and antisymmetric. If the displace- 
ment at the tip of the frame is desired, it is 
sufficient to consider the antisymmetric mode 
only, because the symmetric mode at this 
point vanishes. But in other cases, both modes 
must be considered. 

As a simple example, a calculation will be 
applied to the driving point displacement at 
the tip of the frame on which the concent- 


rated force Pei*' is imposed as indicated in 
Fig. 9. 


Fig. 9—The forced vibration of the frame 
when an external force (Pe!) is 
imposed on the tip of the frame, 
or (Po.5e7°') on the middle point 
of the frame. 


By substituting X= Y=1 into Eq. (17), the 
following equation is obtained. 
Ria 


=4 7 
; M oy Om? —w 


Ein? eK -gfot. (18) 


For the vibrating system, the values calcu- 
lated in the previous section are used. In 
this case, it is sufficient to consider only the 
antisymmetric components of the normal 
functions. These constants are given in Table 
1, where a, shows the eigenvalue, £,(1) the 
normal function at the tip of the frame and 
£,(0.5) normal the function at the middle 
point. 
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Table 1 


THE CONSTANTS OF THE VIBRATING SYSTEMS, 
CORRESPONDING TO THE ANTISYMMETRIC MODE 
OF VIBRATION 


m am Em(1) 5 m(0. 5) 
1 | 2. 2662 1. 5680 0. 8127 
3 Bh, Pia —1. 3301 ie fe 
i | 8. 3088 1. 2779 —0. 3062 
if | 11. 3426 ; —1. 2099 —1. 4005 


In Fig. 10, relative displacements at the tip 
are plotted by plotting #/#; on the axis of 
abscissas, where @, is the first natural angular 
frequency. The displacement when w=1 is 
€,=4. 568 X 107? Pil4?/Eal. 

Fig. 11 shows the displacement at the tip 
when the middle point is driven, calculated 
by Eg.(17). Displacement when o=0 is 
£,=2.18410-*+Po.sl42/Eals in this case. 

Those calculations were made taking into 
account the normalized functions of up to the 
fourth-order of the antisymmetric mode. 

The modes of vibration when the system 
is driven by an external force can also be 
calculated easily using Eq. (17). 


0)) 


Fig. 10—Frequency characteristics of driv- 


20 log, ( :/81( 


ing point displacement at the tip 
of the frame when an external 
force Py,e/*’ is applied at that 


point; Bal] Pile 0-—O) = 


45681077, le/L4=0.2) Fale, Bala 


Sy, = CMS: 


0)] 


Fig. 11—Frequency characteristics of dis- 


placement at the tip of the frame 


20 log, ,(£,/,(# 


when an external force P).;e/* is 


imposed on middle point of the 


frame; (Eals/Ppo.5la2)€,\(o=0) = 


2.184 <x Less lz/l4=012, Exlp/Eals 


=0.5, #=0.05. 
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Conclusion 


The methods of analysis for free and forced 
vibration problems of frames composed of 
uniform beams have been shown with nu- 
merical examples. 

In sections 2 and 3, the fundamental re- 
lations necessary for dealing with such _pro- 
blems where given. The transfer matrix of 
a uniform beam subject to lateral vibration 
are derived, and one example of the methods 
of treating beams by multiterminal trans- 
mission lines is shown. 

In free vibration problems, frequency equ- 
ation has been derived with an aid of equi- 
valent circuits, the eigenvalues have been 
obtained by calculating the equation with an 
electronic digital computer, and one example 
of the normal functions of the frame has 
been shown. It may be thought that the 
eigenvalues shown in Fig.6 are those of 
cantilevers, whose free ends are constrained 
almost statically, for the beam B is in almost 
static range in this case. 

The frequency equation is given by 
det [F }=0. Complex systems have many con- 
necting points and the order of the matrix 
becomes very large, therefore the calculations 
become difficult. In these cases, a simpler 
equation is obtained by decreasing the inde- 
pendent points, for the purpose of which 
transfer matrix is used to convert the values 
at one point to those at another point instead 
of making the stiffness matrices at all con- 
necting points. 

For the complex structures, the calculation 
of normal function can not be easily accom- 
plished, but this difficulty can be overcome 
by the use of an electronic digital computer. 

In forced vibration problems, frequency 
characteristics of displacement at the tip of 
the frame were calculated by using normal 
functions of the frame, when concentrated 
sinusoidal force was imposed on that tip or 


on the middle point of the frame. In this 
case normal functions of first. four antisym- 
metric modes were taken into account. 

Of course, there is a direct method of 
analysis of forced vibration as is used in 
network analysis, but the method described 
in this paper seems more convenient for pro- 
blems of this kind. For example, when the 
characteristics for the frequency range up to 
the first natural frequency are discussed, it 
will be sufficient to consider the normal 
functions in the first mode or in the first two 
modes. 

It is obvious that the method of normal 
function expansion is applicable to the calcu- 
lation of transient response, but this is not 
described in this paper. 
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Basing upon phonemic and vocal qualities put in question for the first time as funda- 
mental timbre qualities of vowel sounds in speech communication, we observe in detail 
the correspondence between timbre signals as stimuli in the communication system and 
timbre qualities as responses to these stimuli. Further, by means of detailed analysis of 
timbre confusion, we can clarify the mechanism of not only the deterioration of quality 
but also the formation of quality in the dimension of frequency. From an exhaustive study 
of incoming and outgoing confusions, it is evident that as the basis of quality theory, there 
is both positive importance and negative importance. Finally, there are several modes of 
quality distribution according to the difference of qualities: for phonemic quality, there are 
some narrow bands of quality concentration; for vocal quality, there are wide bands of 


quality dispersion. 


Introduction 
Significance of Quality in Speech Study 


Although the interpretation of speech waves 
from physical and physiological viewpoints 
is of course necessary (1) (2) (3), yet one of 
the most important factors in the fundamen- 
tal theory of Communication Science should 
be the interpretation of speech sound waves 
viewed from the leading conception of ‘‘trans- 
mission quality” or “speech quality”, as_ this 
is connected with the fundamental problem 
of communication, From the technological 
viewpoint in speech communication, what 
part of the speech wave or the speech pattern 
is contributing to what kind of qualities and 
to what degree in the consideration of speech- 
effect transmission? This problem is rather 
an old one, still full of attraction as the 
theory of quality develops. In the course of 
historical development there have been chang- 
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ing emphases on the importance of certain 
qualities, for example loudness was _ once 
considered to be very important. Then “ar- 
ticulation” in telephone and radio-broadcasting 
engineering became the most important quali- 
ty. But this is not the only quality to em- 
phasize for communication, particularly for 
speech communication. Taking a view of 
future technology, we realize that there will 
exist other qualities as mecessary or more 
necessary than articulation. In short, the final 
target of our transmission technique will not 
be set, until the mechanism of formation of 
the various qualities attributable to speech 
patterns is clarified. 

From the above point of view, speech study 
will be made hereafter in a more concrete 
way. As has already been noticed in papers 
(3) (4) & (5), the idea of “fidelity” as a 
target of transmission technique by which we 
are required to reproduce at the output termi- 
nals just the same acoustical figure as given 
at the input terminals is rather classical, and 
judging from the standpoint of fidelity trans- 
mission, it is of no significance to study 
“speech” itself. But from the actual circum- 
stances which result in unfaithful transmission, 
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arises technical consideration about the trans- 
mission of speech-effect and accordingly real 
scientific research of “speech” itself. 

We can consider of course speech signals 
as having a physical side as those given for 
vibrational and acoustical substances at the 
input terminal of the communication system. 
However, we should not neglect the other 
side of signals as being impressed upon the 
mind, through sensorium, of the recipient 
situated at the output terminal, other side 
which is a highly qualified subjective or 
psychological side. Furthermore, this side of 
recipient impression should exactly correspond 
to the expression side of the transmitter 
situated at the input terminal of the com- 
munication system. It is in this sense that 
the communication circuit is closed in the 
subjective meaning. 

Now, take vowel signals, for instance, and 
we are able to feel various elements from 
the same and sole stimulus of vowels, such 
as pitch, loudness, vocality and voice quality 
of the calling subject. That is to say, in 
response to a single vibrational signal, the 
recipient is aware of pitch, loudness, phoneme, 
voice and other elements. This is because 
the communicants carry out subjectively such 
multi-qualified operations. Speech quality is 
a concept anticipating a qualifying operation 
of subjectivity. The concept of speech quality 
or transmission quality neither exists nor can 
be defined without the premise of communi- 
cation subjectivity and this is the very place 
where our quality theory does stand up. 

Next we will approach more closely our 
vowel-sound problem. If regarded as timbre 
base, the vowel sounds may be considered a 
series of spectrum components or a series of 
harmonic components (in case of timbre with 
pitch). If we use the traditional term 
“formant” given by L. Hermann about a 
hundred years ago, it will be possible to give 
formant numbers Fy, F, F3,....to describe a 
timbre structure of vowels, numerating the 
order of the conspicuous parts of its con- 
struction, as clarified in the latest minute 
analysis. It is too hasty, however, to conclude 
that all the formants will contribute to pho- 
nemic quality only. As will be seen later in 


our quality analysis, some of the formants 
contribute not only to phonemic quality but 
also to voice quality, and some are found to 
affect remarkably the formation of loudness 
in addition to phonemic and voice qualities. 

There is a reason to assume that there may 
possibly exist other formants connected with 
qualities still unknown. Thus the first mistake 
we should avoid making is to consider hastily 
that physically and apparently conspicuous 
formant structure is an element contributing 
to phonemic quality. Verifying by subjective 
measurement is indispensable before making 
a conclusion. Phonemic-quality contributing 
formant and voice-quality contributing formant 
respectively require proof. :There also may 
exist formant structure contributing to  es- 
tablishment of subjective loudness, and prob- 
ably to formation of subjective pitch. When 
studies on quality theory are further advanced, 
these mechanisms will be clarified. In short, 
in order to strictly interpret wave-forms of 
speech sounds, we may stress at the begin- 
ning that we should be fully prudent to make 
a sufficient quality study. 


Timbre Quality 


If we interpret, as stated above, the quality 
of the speech which is to be transmitted sub- 
jectively, we inevitably face the problem of 
the complex construction of speech, which 
makes the study of speech quality very com- 
plicated. There must be some unification of 
all these different qualities, which in itself is 
a kind of interpretation. One interpretation 
is that of the Bell school represented: by H. 
Fletcher and R.H. Galt (6). They consider 
that the first aspect of speech perception is 
that of “interpretation”, which leads to the 
articulation quality as shown by the “articu- 
lation index”? method. Then follows in order 
the “loudness” aspect, the “pitch” aspect, and 
the “quality” aspect. ; 

The view of the authors is that there are 
only two qualities in speech; one is the 
“phoneme” aspect and the other the “voice” 
aspect. But, there are three acoustic attributes 
in a general sense; pitch, loudness and timbre. 
These three acoustic attributes, which are 
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the foundation of the two quality aspects and 
their interrelations, are not parallel on a 
plane as considered by the Bell school, but 
correlative in a solid as shown in the follow- 
ing: 


Speech quality Acoustic attribute 


’ 
Articulation Duration 
(phonemic judgment) 
Pitch 
Loudness 
Naturalness 
(voice judgment) Timbre 


The authors consider that articulation (pho- 
nemic quality) as well as naturalness (voice 
quality) find themselves on the base of uni- 
fication of three-attributes; pitch (height of 
the base), loudness (stress or intensity) and 
timbre (color or nuance). With regard to 
vowel and consonant articulations, it is clear 
that conditional restriction found in pitch and 
loudness in the phonetical meaning in addition 
to the timbre element can contribute to 
articulation. In the same way, it is very 
easily seen that intonation and stress in the 
phonetical sense play a major role in identi- 
fication of voice and discrimination of indi- 
viduality. 

When, however, the mechanism of formation 
of the phoneme and the voice qualities are 
to be considered, there is no argument to 
the fact that the greatest element is timbre 
(particularly in Japanese). Aside from the 
relation between timbre and pitch, or that 
between timbre and loudness, it is most im- 
portant, to begin with, to clarify the establish- 
ing mechanism of phoneme and voice qualities 
on the bases of the main attribute of timbre. 
In a view of timbre quality taken up in this 
sense, the vowel signal of stationary and 
static timbres is made the objective of our 
present study, in order both to check and 
re-examine the so-called “formant” theory of 
the vowels and to prove definitively that 
voice quality is quite different from phonemic 
- * Duration is shown parallel here for convenience, 


though it is by its nature essentially correlated to 
the other three acoustic attributes. 
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quality. 


Transmission Quality and System Rating 


“Transmission Quality”, an abstract idea 
in the transmission technique of telecommuni- 
cation, is intimately connected with the 
problem of evaluation or rating of the trans- 
mission system. To trace the historical de- 
velopment of system evaluation and ration is 
to follow the growth, development, and 
change of the communication concept of 
“transmission quality”. To show what the 
quality study means, reference will be made 
to the principal quality studies appearing in 
the literature, centering around the problem 
of system rating. 

The “Standard Cable-Mile” system early 
introduced and adopted in England was later 
improved and replaced by the attenuator pad 
(dB) system, specified loudness quality as its 
standard quality and means system rating by 
“transmission equivalent”. The transmission 
equivalent system has long been adopted for 
its convenience, and there is a series of de- 
tailed studies (8) (9) (10) of so-called ““Bezugs- 
dimpfung” by K. Braun in Germany. Now 
in the U.S., the revised method by P. W. Blye 
has been advanced by the Bell school. 

On the other hand, along with the tendency 
of the times when “transmission efficiency” 
has been gradually transformed into “trans- 
mission quality”, it is found insufficient to 
relay upon loudness representation, though 
quantitatively convenient, in order to show 
quality. 

Articulation has then been pointed out as 
a standard quality. This corresponds exactly 
to the period of ‘“Nutzdimpfung”. Being 
shown by the same dB as in the case of 
transmission equivalent, the meaning has 
changed from being quantitative to being 
qualitative (13) (14). 

In the history of communication England 
and the United States, and then most other 
countries began early the study of articulation 
using its own language. The articulation index 
method was first completed in the U.S.; and 
then in Japan (16), the Soviet Union (17)- 
(21), and other countries. Articulation may 
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well be said to be the standard quality for 
evaluating a telephone transmission circuit, 
so far as the primary objective of the tele- 
phone is “intelligibility”. This method is 
connected with the calculation of articulation 
quality, which is fairly complicated to handle. 
Moreover, when evaluating a sufficiently high- 
quality system, it is difficult to duly evaluate 
the system by articulation, as was found by 
a series of studies of J. Collard (22)-(24). 

To break the deadlock of the articulation 
evaluation method, K. Kiipfmiiller proposed 
another method (25), based on experimental 
research by E. Schafer (26). It was called 
“naturalness” (Natiirlichkeit) as against “ar- 
ticulation” (Verstandlichkeit). The naturalness 
of Kiipfmiiller and Schafer, as if pertains to 
speech, can be defined only by an _ experi- 
mental process; that is, by manipulating the 
bandwidth of the system in question. Thus, 
having speech as the objective of observation 
and being considered a quality other than 
articulation, this naturalness of Kiipfmiiller 
and Schafer could not really clarify the 
following important point: what part of speech 
and what content in speech are really utilized 
in the experiment as the basis of the natural- 
ness judgement? Furthermore, we pose the 
following question: judging from the fact that 
the experimental operation limiting bandwidth 
is relied upon as the foundation for defining 
this quality, how should the naturalness be 
defined in case of distortion other than band- 
elimination distortion? In fact, it is extreme- 
ly difficult to define naturalness in the most 
general sense. It may be that the insuffcien- 
cy and difficulty are not limited to the de- 
finition of naturalness by Kiipfmiiller and 
Schifer. For example, the new idea in the 
early “Standard of Performance” proposed 
by J. Collard, which was the origin of the 
articulation index method in later years, may 
be considered the concept proposal made at 
the ultimate stage of formant theory in the 
direction from “sound articulation” to “band 
articulation”. Insofar as it has speech as the 
objective of transmission, it seems, however, 
still ambiguous what part of speech has been 
really and concretely aimed at in this quality. 
As a result, the way of calculation in the 


standard of performance has been finally 
utilized in a minute calculation of articulation 
quality of the articulation index method, 
contrary to the expectation of the early pro- 
posal that there might be another quality. 

In short, the history of system evaluation 
shows that much work has been done trying 
to find the most suitable quality, going from 
loudness evaluation to articulation evaluation 
and further seeking after some standard still 
unknown. One of the reasons may be that 
there was something lacking in making 
studies of quality. In full consideration of 
this point the authors have always made 
major efforts to examine the relation between 
timbre patterns and quality responses. This 
was quite natural for both quality studies 
and for interpretation of signal patterns, and 
further this was connected with the initial 
problem as to whether the timbre pattern 
was properly represented or not. 

This report is mainly a summary, re- 
examimed and reconsidered, of the researches. 
(29)-(33) conducted at Nagoya University, 
during the five years from 1953 to 1957, as 
contracted research for the Electrical Commu- 
nication Laboratory, Nippon Telegraph and 
Telephone Public Corporation. In this report, 
general items are described in the first part 
and followed by more specialized items. 

The order of description, however, does not 
necessarily correspond to that of the experi- 
ments. 


1. Study of Pattern Representation of 
Timbre Stracture 


It is preliminarily necessary to study and 
check up the phoneme kind change and _ in- 
dividual voice (speaker) change found in the 
mode of frequency or harmonic spectra which 
are obtained by physical process of perfect 
and exact analysis, before entering into our 
quality study. If once we can discover some 
hidden tendencies and establish certain exact 
rules concerning spectra-configuration due to 
phoneme change and voice change, only a 
carefull preparation of timbre pattern based 
upon spectra material will do for our purpose, 
because formal and mechanical process of 
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spectra-data will lead us to determine the 
respective qualities and even to predict the 
existence of these quality elements. Accord- 
ing to our study on quality conceptions (34) 
(35), the phonemic element (exclusively de- 
pendent of phoneme kind) is almost invariable 
in regard to pitch and loudness, and_ varies, 
within some limits and conditionally, in re- 
gard to variation of the individual; while the 
voice elements (exclusively dependent of vari- 
ation of individual) depends to some measure 
upon pitch and loudness, and is almost in- 
dependent of the variation of the phoneme). 
Therefore, it is possible to find out proper 
quality elements, if a given spectrum is duly 
processed according to these quality definitions, 
which will further help us in interpreting 
the experimental results gained by the sub- 
jective measurements, as will be described 
hereafter. 


1.1. Experimental Methods 


Speech analysis (36) from the above stand- 
point was first carried out in 1953. The call- 
ing subjects comprised two males, two females 
and one child, picked in consideration of the 
sex factor in regard to individual difference. 
The vowels were limited to the five Japanese 
oral vowels 7, 4, 7, =, 4, designated “A”, 
le Ue, On 1 These: vowels: were 
spoken successively, each one being held for 
five or six seconds in a sustained state with- 
out vibrato as in the speaking mode _ instead 
of the singing one. The vocal intensity in 
emission was first maintained at mezzo forte 
in consideration of pattern modification of 
voice quality. Pitch was varied in view of 
the aim of our study stated above within an 
octave interval in the voice register of the 
individual. As loudness is closely connected 
with the speech level, it is of course better 
to make loudness constant instead variable 
for our data treatment. But loudness match- 
ing was much complicated in process, level 
matching (in VU) was adopted as a temporary 
substitute. The analyzer was of the hetrodyne 
type, using a magnetostriction resonator. 
The band width of the resonator at the 3dB 
attenuation point was 30 c/s. The output was 
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recorded with an electromagnetic oscillograph. 
A type MR 101 capacitor microphone was 
used, the speaking subject was placed about 
25cm in front of it. The mean level of 
speech at the microphone was about 75dB re. 
0.0002 dyne/cm*. As the vowel spectrum was 
of large fluctuation, five to ten oscillograms 
were prepared for each vowel sound to 
obtain the mean value of all the spectra. 


1.2. Data-Processing Method and 
Timbre Pattern. 


Since vowel spectra are determined by 
vibration mode of a vocal cord itself, and 
then by acoustic transfer characteristics of 
the throat cavity, buccal cavity, nassal cavity, 
etc., it is impossible to infer directly from 
the forms of spectra the transfer character- 
istics of articulatory organs as an element to 
determine phoneme. The method adopted to 
infer what corresponds to the qualities aimed 
at in the spectra thus obtained was the data- 
treatment method, as stated before, complying 
with the general definition of qualities. That 
is, with regard to phonemic quality, the 
pattern of a vowel spoken in different -pitches 
shows different spectrum intervals and_ spec- 
trum envelopes. However, judging from the 
fact that they have the same phonemic value, 
it is conceivable that some kind of averaging 
operation can be conducted to obtain things 
common out of different diagrams. One method 
adopted is the component enveloping method, 
or juxtaposition method, as shown in the 
Fig: 1. 

This is a method to juxtapose the spectra 
of all patterns in all pitches on the frequency 
axis and to obtain the envelope of component- 
amplitudes drawn. Those processed according 
to the general definition of phonemic quality 
are called “‘vowel patterns in a broad sense’’. 
The vowel patterns individually obtained for 
the five calling subjects selected are shown 
in Fig. 2. 

Those marked with vowels in the upper 
part of the Fig. 2 for each calling subject are 
the vowel patterns. The vertical axis shows 
the deflection of the oscillograph, in linear 
scale. After finding the difference in phoneme 
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Fig. 2—Representation of timbre and voice patterns of five vowels of five calling subjects. 
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for the form of the vowel patterns, it is 
possible to read the spectrum part correspond- 
ing to phonemic quality. Though with some 
individual difference in the position of fre- 
quency, it almost completely coincides with 
a vowel formant already known. 

What we are now most concerned with is 
whether or not it is possible to find things 
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Fig. 2—Representation of timbre and voice 
patterns of five vowels of five call- 
ing subjects. 


invariable in phoneme, namely corresponding 
to voice quality, from the vowel patterns. 

For this purpose, an averaging method is 
taken as follows. To the vertical axis of each 
vowel pattern, linear compression or expansion 
is given, so as to make the maximum am- 
plitude 100 %, and then each vowel pattern 
is averaged for each frequency within each 
calling subject. The patterns thus made are 
shown in the bottom part of the graph for 
each calling subject. For the sake of con- 
venience, they are expanded as a component 
sum, representing the average form of patterns 
for vowels spoken by each calling subject. 

These graphs at the bottom may be further 
regarded as devocalized patterns obtained 
after counter-balancing the effects of pho- 
nemic quality, and are called “vocal pat- 
terns” or “voice patterns’ The patterns 
made from frequency spectra, according to 
the general definition of quality, are called 
the “timbre patternsof voice in general.” 
They naturally take fairly different forms for 
each calling subject, but it is understood that 
peaks are the frequency parts in which the 
Strongest element in the average sense for 
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each vowel pattern exists. If peaks or for- 
mants are looked for as corresponding to 
voice quality, in voice patterns, it is assumed 
from pattern forms that they may exist in 
two parts:---upper and lower ones, with a 
demarcation point of about 1.5kc. These 
demarcation regions of about 1.5 kc are called 
“vocal glens” (36), which are very important 
when the relation between the results of 
quality measurement and patterns is to be 
established. The part above the glen fre- 
quency is called an upper part, and that be- 
low a lower part. Even if voice patterns are 
evaluated in upper and lower parts, there 
are found plural peaks in each frequency re- 
gion for some calling subjects, and the one 
to be related to voice quality is still unknown. 
If, however, formants are to be required as 
voice-quality elements, the formants as found 
in voice patterns should also appear in each 
part of pattern. If, from this standpoint, the 
relation between the peak in voice pattern 
and that in each vowel is taken up, rather 
completely for calling subjects “C” and “S’, 
and not so conspicuously for other subjects. 

Thus formants are pointed out as correspond- 
ing to voice quality for the lower and the 
upper parts respectively, and are marked with 
F, and Fy, in the Fig. 2. The formant, being 
independent of phoneme, can be called an 
“invariant” formant. It is interesting to note 
that the frequency of the geometric mean for 
these two fixed formants in the upper and 
the lower parts is found to be the same, 
about 1.3 kc, for all calling subjects. 


2. Study of Fundamental Qualities Based 
upon Subjective Measurement 


The concept of voice quality originates 
from the problem of discrimination of indi- 
viduality in speech. Because of the diversity 
and complexity of individual speech quality, 
the detection of the voice difference is in- 
herently difficult. The principle of the method 
adopted here for our measurements was ex- 
clusively based upon the so-called “identifica- 
tion’ method, considering “voice quality” in 
connection with “phoneme quality” on the 
same basis as the timbre aspect. The “identi- 


fication” method was selected because the 
so-called “comparison”? method as adopted in 
Schafer’s experiment gave results which are 
short of concreteness in the content of quality 
judgment. 

The experimental procedure was to make 
the listeners who have received the stimulus 
of vowel sounds arranged at random identify 
individuality of voices and at the same time 
phonemes. With regard to phonemic quality, 
the number of phonemes is limited to five 
as far as Japanese vowels are concerned. 
However, the finite number represented in 
samples in the voice ensemble was not known 
to us. The first consideration to follow when 
planning an experiment was to what extent 
it is possible for listeners to classify voice 
qualities. If rules and system can be found 
in voice-quality classification by listeners, not 
only the content of perceptional response 
will be grasped more concretely, but also the 
base of selection upon which the kind of 
voices is determined will be orientated. Thus 
the measurement experiment according to 
the above course had to be repeated several 
times and finally in this experiment different 
subjective measurements were carried out six 
times, as will be stated herein. 


2.1. Contents of Experimental Program 
and Illustration of Procedure 


2.1.1. Contents 


The contents of six experiments are sum- 
med up in Table 1. 


2.1.2. Experimental Procedure 


The fundamental scheme of experiment 
followed throughout for six times is shown 
in Fig. 3. Speech sounds of five vowels by 
five calling subjects selected were recorded 
according to the order specified in the test 
list where voice and phoneme were placed 
so as to occur at random. A number of tape 
lists thus prepared were used arbitrarily in 
each distorting condition. 

Reproduced signals from a recorder were 
given to listeners through a distortion system, 
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Fig. 3—Block diagram of the experimental setup for these experiments. 


a gain control and finally a transducer. For 
voice, four or five calling subjects were given 
suitable symbols, for example, “KA” would 
be recorded if the vowel of a calling subject 
“K” is identified as “A”. In case where 
signal loudness diminishes considerably as in 
attenuation distortion, listeners were notified 
in advance that signals would be sent out so 
as to synchronize with the turning on and 
off of the lamp placed in front of them. 
The gain control was prepared so that di- 
minution of loudness due to component elimi- 
nation of signals would not contaminate 
quality evaluation when investigating  fre- 
quency construction of qualities by BED. It 
was not used at all or used as little as possi- 
ble, at elimination points such as LC: 4.0, 6.0 
kc, as band elimination was meaningless, if 
loudness was recovered to a great extent. It 
was of course not used in No.6 test where 
comparison between BED and AD was in- 
tended. All voice signals were carefully re- 
corded only for 2-4 seconds during middle 
part of sustained vowels to avoid the sub- 
siduary effect of the transient part in build- 
up and in decay of vowel waves for quality 
judgment of individuality identification. 


2.2. Illustration of Experimental Results 


In all the six subjective measurements, 
great effort was made to obtain frequency 
construction of voice quality, in comparison 
with that of phonemic quality. The following 
illustration of the results is limited only to 
those due to BED and those due to other 
distortion will be considered in a separate 
paragraph on cutting distortion. 


2.2.1. Listeners’ Capacity to Identify 
Voice Quality 


Voice quality in a concrete sense as it will 
now be taken up may be said to be com- 
pletely unknown up to the present. The res- 
ponse which comes from listeners for voice 
quality must be clarified, as was done in the 
preliminary experiment prior to the No.1 
experiment, in which the listeners consisted 
of three male students and a member of the 
laboratory staff, and the calling subjects were 
the five who had been used in the analytical 
study in Section 1. 

The three students were unknown to the 
calling subjects but the other listener had 
been in contact with them during the period 
of the analytical experiment (about six 
months). Prior to the experiment each listen- 
er was confirmed by measuring the minimum 
auditory threshold of pure tones of his hearing 
acuity, and then trained by loudness com- 
parison between pure tones. In order to have 
them became acquainted with unknown voices, 
the listeners were told to compare the loud- 
ness of the vowels of the speakers to be 
used in the principal experiment. With these 
preliminary experiments over, the training of 
voice judgment was started. In the first place 
they were trained to discriminate five voice 
qualities in one vowel. This training was 
conducted using recordings on which voices 
were recorded at random with vowels kept 
constant. The learning curves obtained in 
the experiment for each listener are shown 
in Fig. 4(A). One of the curves in the figure 
shows very high percentage of correct judg- 
ment from the begining of training. This 
was recorded by a member of the laboratory 
staff who had been acquainted before with 
the calling subjects. From this fact it clearly 
follows that the listeners’ past experience has 
much to do with correct judgment. With the 
other listeners who has no contact with call- 
ing subjects, the first ratio of correct judg- 
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Fig. 4—Curves of learning effects in experiments Nos.2 & 3. 


ment reached about 50 %, showing that the 
timbre discrimination of  stational vowel 
sounds is not easy. This ratio, however, rose, 
though gradually, to over 70% in the final 
experiment. It may be said that during this 
training period each listener became able to 
discriminate the timbre difference of each 
voice, to catch and remember its characteris- 
tics, and to identify voice quality with fairly 
high percentage of correct judgment. 

(B)-1 in the same figure shows an averaged 
learning curve obtained in an experiment 
preliminary to the No. 2 experiment. In this 
case each listener knew the calling subjects 


or hear his own voice, and the percentage 
of voice judgment, different from No.1 ex- 
periment, reached over 80% at the start, 
with further rise to 90 % after some training. 
(B)-2 shows a learning curve in the No. 3 ex- 
periment where the same calling subjects as 
the above raised their calling pitch by 100 
c/s and a female voice was added from 
among the listeners. The first percentage of 
voice judgment went down to about 70 %. 

As the No.3 experiment was conducted im- 
mediately following the No.2 experiment, 
the fall in the ratio of voice judgment shows 
that the quality judgment in the No.3 ex- 
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periment had nothing to do with the listeners’ 
past contact with the calling subjects, and 
further that when the calling pitch was 
changed unnaturally (compard with natural 
speaking pitch), voice quality changed con- 
siderably and timbre discrimination was a 
main clue to voice judgment. 

Although there was considerable difference 
in individual capacity of discrimination, it 
was possible to obtain immediately stabilized 
and high judgment when listeners had been 
in contact with the calling subjects. Further, 
as will be stated later, not much difference 


in trend was found between experiments 
No.1 and 2 regarding the fall in judgment 
due to BED. Thus in all the experiments 
that followed, the listeners were replaced by 
calling subjects, or the calling subjects ac- 
quainted with listeners were employed. 

Fig.4(B) also shows training curves of 
phoneme judgment and it is of interest to 
note that there also appeared some learning 
effect. It is impossible to judge accurately 
the quality of phoneme from segments of 
sustained vowels as found in syllables, leaving 
a possibility of raising the judgment ratio. 


Phoneme Quality Acuity (% ) 


Phoneme +judgme 


Voice Quacuity (% ) 


0.1 0.2 40:3 


O15) 077 


Pee ae <S) a i 


Cutting Frequency (in kc) 


Listeners :4 


Fig. 5—Quality characteristics curve due to BED. (Experiment No. 2) 
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2.2.2. Individual Difference in Quality 
Judgment 


When speech pattern is deformed due to 
BED, change in the phonemic and voice 
qualities is natural. It is quite conceivable 
that there should appear individual differences 
in the listeners’ responses to such deformed 
patterns. All the experiments conducted were 
checked on this point and generally speaking, 
there was considerable individual difference 
in listeners’ capacity of discrimination and 
memory of each voice quality in a given 
voice ensemble. The greatest difference 
reached as high as 20 %, but the individual 
difference in the falling of judgment ratio due 
to BED was not so remarkable, and the 
quality characteristic curves were fairly similar 
among individuals as shown in Fig. 5 (A) (B) 
for the experiment No. 2. 

(A) is for phoneme judgment. (B) is voice 
judgment characteristics. In the curve for 
each individual, the percentage in reference 
(all pass) condition was adjusted to be the 
same, to compare the shape only. 

Comparing (A) with (B), when distortion 
is small, individual difference in phoneme 
judgment is somewhat smaller. As, however, 
distortion becomes larger, individual differ- 
ences in both quality judgments become 
comparable and in some cases, voice judgment 
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shows a more stabilized trend. This is due 
to the fact, to be described later in detail 
under the item of auditory confusion, that 
quality modification due to BED is more re- 
markable in phonemic quality and a systema- 
tic individual trend exists in phoneme judgment 
of changed patterns. For example, some 
listeners tend to judge the higher cut-off (HC: 
1 kc) vowel “I” as “U”, while other listeners 
are liable still to judge it as “J”. The fact 
that there is much individual difference in 
HC distortion, when judging phoneme, will 
easily be understood from the HC curve in 
Fig.5(A). The individual difference can not 
be so much detected in voice judgment as 
easily seen in (B). 

Then, the clue to memory and discriminate 
the voice quality is a little different in indi- 
viduals. 


2.2.3. Interdependency of Vocal and 
Phonemic Qualities 


How are the contents of voice quality dis- 
criminated and memorized by the listeners 
related to phonemic quality? This relation 
is to be considered here since~ voice quality 
and phoneme quality have, up to this point, 
been considered separately. To what extent 
is interdependency observed in these judgments 
successively conducted (voice quality judgment 
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preceded phonemic judgment throughout all 
the experiments)? This needs to be examin- 
ed, statistically under the experimental design. 
For the present, it will be considered from 
the fall in judgment ratio, namely, from 
mutual comparison of shapes of quality 
characteristic curves. For example, in Fig. 6 
is shown averaged curves of phonemic and 
voice quality judgment in the experiment 
No. 2. In the measurements, listeners were 
instructed to endeavor to record the most 
similar phoneme and voice, even when they 
found it difficult to judge phoneme or voice 
of signals due to changes of patterns by dis- 
tortion. The fall of the curves in the figure 
shows not only the degree in which each 
signal pattern loses its own quality but also 
that in which it gains other qualities (for 
instance, “[”. becomes like “U”). ' As an 
example, in one distorting condition the 
phonemic quality of a specific vowel is simply 
destroyed; while in another the quality of 
the vowel is changed into a_ different 
phonemic quality. There is naturally found 
a difference in correct judgment and the fall 
in ratio is more pronounced in the second 
case. Fig.6 shows a distinct difference in 
the shapes of two judgment curves for 
phonemic and voice qualities and in the 
former a sharper curve slope takes place. 
This explains that in every step of BED, 
quality change occurs more rapidly in 
phonemic quality than in voice quality. The 
pattern change, as stated above, should be 
regarded as having both destruction and 
modification of qualities. Voice judgment 
curves do not show steep slopes, from which 
it may be interpreted that voice qualities of 
the whole spectrum do not change remarka- 
bly, even if a specific part of the spectrum 
is suddenly cut off by a filter having such 
an attenuation characteristics as was used in 
this measurement. 

By comparing these curve shapes, it is 
assumed that the two qualities dealt with are 
of different natures having different structures. 
According to the concept of band quality, it 
may be said that quality element is more 
dispersed in voice quality than in phonemic 
quality on the frequency scale. This seems 


to contradict the existence of the voice 
quality element as formant, as discussed in 
Section]. But the contents of voice quality 
(or the contents of listeners’ judgment) are 
not simple and it is impossible to examine 
the quality contents and thus to explain pro- 
perly the mechanism of quality formation, 
unless by perfect analysis of data including 
other experimental results. 


2.2.4. Observation of Relation between 
Quality Judgment Curves and 
Vocal Patterns 


1) Relation between Pitch and Quality 
Balancing Point 


Sufficient quality study can not be said to 
have been made, unless the shapes of quality 
judgment curves obtained by — subjective 
measurement are explained in relation to the 
shapes of vocal patterns obtained through 
physical analysis. 

Of course, the relation between the physical 
wave forms at a listeners’ input and the 
quality judgment as the output at his sen- 
sorium can not easily be found, but the 
tendency towards relation is expected to be 
read to some extent on the chart. For this 
purpose, the relation between the pattern 
change by pitch and balancing point of vocal 
quality is shown in Fig.7. The judgment 
curves of experiment, 1, 2 & 5 are shown 
in the same figure. Vocal patterns shown 
in the lower part of the figure were obtained 
by averaging all the patterns of each voice 
and vowel in each ensemble. To obtain these 
spectra, the same frequency analyzer was 
used as that used for the studies reported in 
Section 1. Since pitch was adjusted to be 
the same for all the voices of the ensemble, 
the averaging calculation could be conducted 
by taking the mean amplitude for each of 
the higher harmonics. Judging from these 
vocal patterns, the movement of patterns be- 
gins distinctly as pitch is raised. Each voice- 
quality balancing-point corresponds to the 
vocal glen of each pattern, that is the fre- 
quency of distribution of voice quality is 
divided into two parts with demarcation 
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point the vocal glen. This glen is situated 
in frequency considerably higher that the 
center of the energy distribution. 

In order to emphasize characteristics of 
such voice-quality distribution, comparison is 
made in Fig.8 between phonemic quality 
judgment curves and vocal patterns, both 
obtained in the same experiment. It is seen 
that judgment curves are a little different 
according to the pitch change. 

It is too hasty to conclude from this, 
however, that the phonemic quality elements 
in spectrum move along the frequency axis, 
because a different modification (not destruct- 
ion) occurs in the same distorting condition, 
if the spectrum structure changes by pitch. 
The difference which appears on the crossing 
points is neither so conspicuous as in voice 
quality, nor does its frequency position corre- 
spond to the order in pitch. With regard to 


frequency distribution of phonemic quality, 
the sex of the voice ensemble should be 
taken into consideration. As will be explain- 
ed in the following item, the positions of 
phonemic element for female and children’s 
voices are generally higher. Besides, the 
crossing points in experiment No.1, which 
covers most of the female and children’s 
voices, are not so different from those in 
experiment No. 2, having a male voice only. 
In short, frequency distribution of phonemic 
quality, is not much affected by calling pitch. 
If, therefore, voice quality is compared with 
phonemic quality from this point of view, it 
may be said that distribution of phonemic 
quality is stationary and stable in freqnency, 
while distribution of voice quality has a 
rather shifting nature according to pitch. 


(to be continued) 
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Circular Electric Wave Transmission through 


Hybrid-Mode Waveguide’ 
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General formulae for mode generation from distributed sources are derived for hybrid- 
mode waveguides. Using the formulae, the mode conversion by irregular parts of the 
dielectric layer in a dielectric-coated waveguide is calculated. Coupling between modes at 
geometrical imperfections and in intentional bends are described as the relations between 
the normal hybrid-modes. The coupling coefficients between the TE, and HY 1m modes in 
the curved helix waveguide are obtained as functions of the arbitrary wall impedance. 
Several other transmission characteristics in the hybrid-mode waveguide are also analysed. 


1. Introduction 


The circular electric mode in a circular 
waveguide is considered to be used for a 
long distance low loss transmission, but it is 
not easy to keep the mode pure through the 
transmission. Mode conversion to the TMy; 
mode is very serious problem at bends. But, 
if the degeneration is removed by proper 
methods, the converted power can be kept 
to less than the small value permissible even 
though the conversion is inevitable. The di- 
electric-coated waveguide is promising for use 
at intentional bends.‘ The thin dielectric 
layer coated on the inner wall of the wave- 
guide changes the propagation constant of 
the TM,, by a larger amount than it changes 
that of the TE); mode. To obtain a low 
loss bend with this kind of waveguide, at- 
tenuation increase due to dielectric loss must 
be kept as low as possible not only for the 
TE: mode but also for the unwanted modes, 
for example, for the TM,,; or TE,. modes. 
However, it was difficult to make the low 
loss dielectric material adhere tightly to the 


* MS in Japanese received by the Electrical Communi- 


cation Laboratory, Apr. 15th, 1960. Originally publish- 
ed in the Kenkyt Zituyoka Hokoku (Electrical Com- 
munication Laboratory Technical Journal), T.N.T., 
Vol. 9, No. 6, pp. 585-620, 1960. 

{ Hyper-frequency Research Section. 


metal, but the development of a good primer 
and the improvement of the coating tech- 
niques of the plastics to the inner surface of 
the waveguide have made possible the manu- 
facturing of such a type of waveguide.‘ 

The thickness of the dielectric layer can 
not be made perfectly uniform, and the ir- 
regularity of the thickness causes mode con- 
version. The converted mode power is calcu- 
lated by solving the problem of radiation in 
the hybrid-mode waveguide from the induced 
polarization of the irregular parts of the layer 
by the incident wave. Many papers treat the 
radiation problem of the plain waveguide.‘ 
‘© The present paper extends the problem 
to the case of waveguides having an inhomo- 
geneous material and an impedance wall. 
The amplitude of the converted mode power 
is represented by the equivalent current dis- 
tribution and the field components of the 
normal modes of the dielectric-coated wave- 
guide. Thus, the conversion losses are 
obtained in terms of the standard deviation 
of the thickness of the layer. _ Practical 
examples show that in many cases the mode 
conversion losses are very small compared 
with the heat loss. 

At the junction of the  dielectric-coated 
waveguide with the plain waveguide, a part 
of the incident TE); wave is converted to 


the TE), modes. Unger made a rough 
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estimation of the conversion coefficients at 
the junction.“ Exact conversion coefficients 
are derived from the continuity relationship 
of the electric and magnetic transverse fields 
at the junction. 

Mode conversion losses due to slight de- 
formations of the waveguide wall have been 
calculated already.“ But when the wave- 
guide has an inhomogeneous material in it, 
and has an impedance wall, no formula for 
calculating mode conversion is yet available. 
Using the above mentioned mode generation 
formulae in the hybrid-mode waveguide, the 
mode conversions can be calculated in terms 
of relations among the normal hybrid-modes, 
if the constancy of the wall impedance is 
assumed for every mode. 

Mode coupling factors among the wave- 
guide modes have been obtained already for 
bends in plain waveguides.“ “?“? The con- 
stancy of the wall impedance is assumed for 
every mode, in the same way as the problem 
of the wall deformations. Then, the coupling 
formulae can be described as relations among 
the normal hybrid-modes. 

When the cross section of circular wave- 
guide is deformed to an ellipse, the attenua- 
tion constant increases. The TE), mode be- 
comes a hybrid-mode in an elliptic waveguide. 
Oguchi calculated the increase of attenuation 
of elliptic waveguides compared with that of 
the circular waveguide for waveguides having 
a metal wall.“ Exact calculation is carried 
out using the hybrid-mode representation 
shown above. 


2. Mode Excitation in a Waveguide 
Containing an. Inhomogeneous 
Dielectric 


Suppose the distributed electric current J 
and magnetic current M induced or impress- 
ed in the waveguide. The permittivity ¢ and 
the permeability ~ may be complex numbers 
and functions of position. The condition at 
the wall will be designated later. The cross 
section and the inner material of the wave- 
guide are uniform along the axis of the guide, 
and the axis is straight. The irregularities 
along the guide axis, for example, and the 


irregularity of the thickness of the dielectric 
layer on the wall are mathematically equiva- 
lent to electric current distribution. In the 
same manner, equivalent magnetic current 
distributions are substituted for windows in 
the waveguide. 

For the moment, regarding (u, v, z) of 
general cylindrical coordinates, inhomogeneous 
equations for a field with time dependence 


iat 


e’’ may be written in the form: 


—Vx B=ioyH-+ M, 
(Ca) 
Vx H=iocE+ J, 


where J is the electric current and M is the 
magnetic current. Let each unit vector along 
the coordinate axes be i,,i, and i., respective- 
ly, and multiply (2.1) by i, vectorilly, then: 


Pek aE ee, | 

Oz 

| 

=iopH: Xi.+}Mxi., | 
\ a 

z 

| 

=o, XE; +t. x J, 

where 

ere g (2.3) 


and where ¢, @ and e,; are metrical coef- 
ficients. E, and H, are the transverse electric 
and magnetic vectors, and E, and H, are the 
z components of the electric and magnetic 
fields. Next, multiply (2.1) by i scalarly, 
then 


in (VX E)=Vie (iz X Ed) =ionH. + Mz, ) 
(2. 4) 
i (VX A) =Ve Mh Xiz) =twe Ez 4+Jz, 


where M, and Jj, are the z components of 
the magnetic and electric currents respectively. 

The relation between the transverse and 
axial field components of the mode which 
propagate in +z or —z direction with the 
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propagation constant 7 are as follows: 
J and M are set equal to zero in equation 
Qu2)athen 


V.E.ty7 E=toe Mi Xtz 
CAS) 
V.A+y Mi=iwe iz x Ei 


where the upper part of the double sign con- 
cerns the wave propagating in the +z di- 
rection and lower part the wave propagating 
in the —z direction. If in (2.4), J=M=0, 


then 
y= Netex be p) | 
OVD 
CAS) 
B= VirHe Xe | | 


1M 
Each equation of (2.5) is multiplied by i. 


vectorilly to separate E, and H, from each 
other, then 


A,= Be V fs X tz 3, V.H:, 


GAD 
E, =+ ig VS a V.H, x iz, 
qe ie 
where 
k2-=w1, 
(2.8) 
Ray? 


and x is a constant value in case of the 
plain waveguide, but is a function of the 
position in the cross section here. The eigen- 
value of the mode is the propagation con- 
stant. 

The transverse components of the electric 
and magnetic fields in the waveguide are 
expressed in the forms of the series ex- 
pansion as follows: 


E.(u, Vv, Z) =) Vi(Zeu(u, Vv), 


(2.9 
Au, v, 2) =0) Iilahulu, v). ; 


The single subscripts 7 is used, for simplicity, 
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snstead of the double subscripts mn for de- 
signating the various modes. The z-compon- 
ents of the fields are expressed in the follow- 
ing form: 


E,(u, 0, 2 =k Lieu, ), 


2,10) 
H, (4H, 0, 2 =X Viieyhat, v), 


where the components ei, hii, €. and h-, are 
written in terms of the two scalar functions 
lie and Tes 


en(u, v) =ViTi(y, Vv) \ 


4b pH, V) \ie 10 RD) ee 
Lo 


his(u,v) = — £49, T,(u, 0) xis 
<0 


=> = V; Ti (u, Di), 
0 


¥e-( = ¥ Te) 
exi(U, Vv) = Viehti Xi wae ee : 
ia 1WE iwe J 
Vv ° (“v.7") 
ROD = Se aS = Ho =s 
pa 1wu lw 
Cat) 
where h; is defined: 
hy="y = Bia, (2.12) 


1 


The relation h,«i.xe, in the plain wave- 
guide is not valid in general in the hybrid- 
mode waveguide. The impedance of each 
mode is given by 


(2.13) 


This is used as the characteristic impedance 
for the TM mode in the plain waveguide. 
The expression for the TE mode in the plain 
waveguide can also be adopted by changing 
the coefficients of the eigenvectors (2.11) pro- 
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perly. It is only a matter of convenience 
which is adopted. 

If « and yv can be differentiated, from (2.5), 
(2.11) and (2.13), the following equations 
may be derived: 


rot: Desa 
V, V; hi: XUz = Xi V.T:, 
é £0 
(2.14) 
oy 7 * 
Vy, vette X Crt — Mi -V, Ty’. 
le ie 
Helmholtz’s equation V7+ 72T=0, satisfied 


in the plain waveguide, is not generally valid 
in the hybrid-mode waveguide. The differen- 
tial equation to decide T; and T;,’ is obtained 
by substituting (2.11) into (2.14), If ¢ and pz 
can be differentiated, under suitable boundary 
conditions: 


Ve} Ve( 2 —¥, 7) = —y77V; Ly, 
& 0 - 
(2:15) 


vi eo Ve( twT?)| — —4Vi fy. 
i Ho J 


The orthogonality relations of T; and Le 
\\774s=6. satisfied in the plain waveguide 


is not generally valid in the hybrid-mode 
waveguide. In general, the orthogonal re- 
lation is as follows: 


\\ (eri X hij) izdS =0;;, (2. 16) 
s 

5 <1 fifi case of i=J), 
COC case of 72.7); 


where S is the cross sectional area of the 
guide!“ From the above relation, the 
voltage and the current of each mode are 
obtained: 


2 
0) 0 


€ hj ° 
=\| Ee(2V.Tit k VTi xix dS, 
S 


=\\ He( —V, Ui eae & VTi )AS. 
JIS Lo 
AMD) 


Now, we rewrite (2.2) as follows: 


0 : 
= az fe= —ViE.t+iop MW, xXi.t+MXiz, | 


0 ‘ 
— a, Hi= —VeH + tos i x Er +i: x J. 
(2. 18) 
We also rewrite (2.4) as follows: 
H. ‘io Veriz X E,—Mz 
a toy 3 
(2519) 
p- WHxi-]. | 
p 1WE : 
Substituting (2.19) into (2.18), and if J,/e 


and M./» can be differentiated with respect 
to wu and v, then 


ee bide ees 
= ag b= oe xX tz — Ag eee lee 
ae yy) Ji +MX iz, 
1w 
= - Mi, =10¢ i; X Ei, — 1 V, Vici XE, 
1wW LL 
ir a, ie +1,XJ. 
1w@ LU 


(2520) 


These are fundamental equations relating to 
the source distribution and the actual fields. 
The electric and the magnetic currents are 
functions of u,v, and z; and ¢ and y are func- 
tions of uw and v. In many cases, these func- 
tions contain discontinuities. But, assuming 
6-function distribution of the electric and 
magnetic currents, and also assuming a thin 
transition layer so that ¢ and yw vary rapidly 
but continuously, we can expect an exact 
solution. The upper equation of (2.20) is 
multiplied by hi:xi, scalarly, and the result 
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Then 


is integrated over the cross section. 
we obtain: 


Vis [| ptt xtohe xind 


oy Nees x te “hiiXtz dS 
€ 


1 
+vi(2), (2. 21) 
where 
V; =, ae Si hiiXt.dS. 
+||Mxiohs x id, (2, 22) 


The wall of the waveguide is assumed to be 
a perfect conductor. The impedance wall 
will be discussed later. 


Fig. 1—Transverse and longitudinal cross 
sections of the waveguide. 


Now let us mention of the vector formula, 
which is useful for the vector calculation. If 
a scalar function ¢, a vector function A and 
their first derivatives are continuous on the 
surface S including the boundary curve, and 
the boundary curve is piecewise smooth, then 


{\orr-aas= -\\v pAds+\6A-nds, (2. 23) 


where n is the outward unit vector and s is 
the tangential unit vector on the boundary 
curve as shown in Fig.1; and n,s, and i, 
make right hand system in this order. Tak- 
ing advantage of (2.23), the second term of 
(2.21) becomes: 


eee Zeke. <a ehiiizdS 


€ 


eee Ver ee 2 Veh XidS 


hii i i,-nds 


a 


Vi. xi dS 


a 
| Vell X be p 
<3) 


i Vie hii Xt 


é 


= | \enauraeenes xi dS 


—H, xi -nds 


C 


ees 


Be | (= VT xi dS. (2. 24) 


eq 


In this calculation, a perfect conducting wall 
is assumed. Using (2.11), (2.17), and (2.24); 
(2.21) becomes: 


~@ -; ial (H; xi )- 


pa Vels Dae 


Beal F TP. )dS +02) 
We 
=e \\#- _VT xi 
WE 


Sere ne (2, 25) 
WEo 


The lower equation of (2.20) is multiplied by 
izXe,; scalarly, and integrated over the cross 
section: 


see =iol lec x Ei)+(é x eu)dS 


7 l Al Ves t XE: “I X endS +1:(z) 
lw Le 
(2. 26) 
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where, 


is(2) <5 fhe, iexeuds 
1w@ L 


+ |lixdixends. (2. 27) 


Taking advantage of (2.23), the second term 
of (2.26) is transformed as follows: 


Nees x eidS 
L 


ae ees Ei. Vieiz XeridS 
Le 


-U, X exiends 


LU 


=a |) Pee tei x Bas 
L 


erat x E,dS 
L 


ey, x E.-nds 


= CS SL 
L 


(2528) 


II 


Oe 
fs | \ “WT i, x Eds. 


Lo 


In this calculation, a perfect conducting wall 
is assumed. Using (2.11), (2.17), and (2.28); 
(2.26) becomes: 


oh dli =iol(: Gz xBx)-( WT X Uz 
dz 


pL ; XK? y : 
ey 7, )dS-+ i) 
Ho 


Lo wre 


= ineal ji: X Ey hidS +1:(2) 
=1wéy Vi(Z) +1;(2). (2.29) 
(2.25) and (2.29) are simply rewritten: 


as OE) = ihZid@) +0:(2), | 
(2. 30) 


dl; é ‘ 
~ OO) Lin, Viz) +:(z). J 


Using the vector formula (2.23) the first terms 
of (2.22) and (2.27) are rewritten: 


[fre hi: x t,dS 


& Sine Wan ds 


| 


[from -iexend 
L 


ISN 


“(hi Xizn)ds, 


to) 


(2.31) 


= =|) Vek x enidS 
pL 


+ ee (iz x erin) ds. 
pL 


The line integral of the lower equation of 
(2.31) vanishes because of the perfect con- 
ductor assumption. (2.22) and (2.27) are re- 
written: 


UG) = — | ec, V, 2)€zi(u; v)AS 
+|(mor V, Z)*hii(u, v) dS 


+— 1 ie hh x i,-n)ds, (2. 32) 
€ 


(ZO) 


1; Z)=— [\ mec, v, Z)hi(u,v)dS 
+ (Vac V, Z)*€ri(Uu, v) aS. 


These are extensions of the formulae for uni- 
form material constants, given by N. Marcuvitz 
and J. Schwinger for the case of a non- 
uniform material. 

It is preferable to discuss the relations be- 
tween the modes in terms of the mode 
amplitudes, A;+ and A,~, rather than in terms 
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of the mode voltage V; and the mode current 
Is 
Se Vale) ; 
Ces) 
Vie) I . | 
V Li al 
Ai*(z) and Ai-(z) are the amplitudes of the 


waves propagating to +z and —z directions 
respectively. By these definitions, differential 


equations (2.30) become: 


A; @= 


a 1a) =A, (2) +a (), 
(2. 34) 
jd a =—th,A;-(2)+a;-@), 


where a;+(z) and a;-(z) are defined as: 


at (= oe a 
(2. 35) 
a (2) aie ae 


where v;(z) and i;(z) are the source functions 
given in (2.32). (2.34) and (2.35) are the 
fundamental equations to obtain the mode 
generations in hybrid-mode waveguides by 
distributed sources. (2.34) can easily be solv- 
ed. The waves propagating in the +z and 
—z directions are written as: 


22 
A;* (Z) = =| at (2) et hile—2') dz’, 


21 


(2. 36) 


The integration is carried out over the range 
from z=z,, to z=z, where the sources are 
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distributed. 


3. Electric and Magnetic Field in the 
Dielectric-Coated Waveguide 


We shall discuss several properties of the 
dielectric-coated waveguide whose geometrical 
dimension is perfect and whose dissipation 
loss can be neglected. Some of these pro- 
perties will be used for the calculation of the 
mode conversion and the bend, later. The 
circular cylindrical coordinates (7, y, z) are 
used. The interior of the waveguide is com- 
posed of two parts as shown in Fig. 2, but 
the permeability y is uniform in the wave- 
guide and is #. Two quantities o, and 6 are 


defined as: 


(ema) 


and 
(322) 


Fig. 2—Cross section of the dielectric-coated 
waveguide. 


Two scalar functions T;(7,¢) and Ti’(r,¢) are 


defined as: 


: . sin eee eee 
Pini) og? =/a\s/sie\o1s|e)s\sleinis/0)0/e10\els(n)sieieis\s/olajeje wie'slelsleiesisisin(cleterats eteteiors eteteie eteinteteraioks 0<r<b 
T: = 
Gs) 
yi? NaC) Jao Jue, is 
8 7 yeby Nossa) Jnaer) — Jn laid) Nota) sin 
hoi? ib) Nn(%2id) Jn(X2ib) — Jn Leia) Nn (%oid) cos"? Siete b<r<a, 
bs SOS ee 
a Ih ( 1) _ Me iiaketptayeleia, 4.4 6{s|is/s efe  efelsinieiessrsiep ieee sca eevee CTE 0<r<b 
io 
(3. 4) 


a / ; ee 
nN 7, 2) naib) Nn Aid) In(Leir) — Jn’ hia) Nn heir) cos 


Nn! (hid) Jn(Xoub) — Jn’ Xia) Nn (oid) —sin™P b<r<a. 
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These scalar functions satisfy 


V2T; +%7?T:=0, 
(325) 
VET’ +%,2Ti/ =0, 


in region @ and @ respectively. The sub- 
script 4 represents the region and is 1 or 2. 
It has been shown in the preceding section 
that (3.5) is invalid in the general case, but it 
is valid in the part where both ¢« and yw are 
constant. This may be understood easily 
from the relation of (2.15). The exial com- 
ponents of the field are 


(3.0) 


(3.3) and (3.4) satisfy 


€z4 = epi =0 at-7=a, 


ei @) =e. Q at 7= b, Gam 


hn@=hi® ato) 

Pi, Vis L1ty Yai and the propagation constant h; 
are obtained from the continuities of e,; and 
h,; at r=b, the normalized orthogonality of 
the mode vectors and the dielectric constants 
of both regions. The continuity of e,; at 
r= is: 
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If the thickness of the dielectric layer is 
very thin, namely 1—o<1, and if #a@d is 
very small compared with unity, 7; and Ty 
in the region @ and the cylindrical functions 
at %;r and %;b in (3.8) and (3.9) can be 
expanded in power series of 6 as follow: 


Nn(2) Jn(02) —In(@) Nn(pz) 
_ 20 ze LEE NG ee 
= rat eae 2 y a5 ’ 


Nx! (@)Jn( 02) —Jn' (2) Nn( ez) 


Nn’ (2) In’ (02) —Jn’ Nn! (oz) 
“26-212 
2 2 2 
af = Bis SLL Jeisk 
3x z ea 


Nn(Z) Jn’ (02) —Jn(Z) Nn’ (92) 


vig ie 2 Oe 2 (= n? +2, es 
to pgs 


TZ 


(3. 10) 


Taking advantage of (3.10), the two con- 
tinuity equations (3.8) and (3.9) are simplified 
as: 


np: , = np: x Fe 
wp Lab) ah iiIn (4yib) =- ie 7,21) 0b) 
Qh x i Nn Agi) In! eid) — = Jn! Xia). Nn’ (Axid) é (Be 8) 
AT, Ciysb) Ja! aca) No Ca) 


The continuity of h,; at r=b is: 


ee CR na Trib) | 
a Pits (wid) ngi p2b 1 oy 


Nn Qi® In’ (y2id) — —Jn(y2i@) Nn’ (yaib) h? 


a) 
€ 


ao tee oe Sn (uid) 


) 


Nn(yi@) Ike (yaid) — —Tn(yu@) INE, (y2id) 


ey Cae 
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il ae 1 ale cacas 
( Lj? Xe? x1 In(%10) 

n alae eee ay | 5 |=0 
=\(-sea)* mie vita); 
a LKB, 2 1449) 

P| &y %1 In(%1b) rt éoitprado, 2 


Be Ae ( ieee! = 
q ko2b x X02 : 


Galt) 


There are two sets of solutions for these 
characteristic equations. One of them re- 
duces to that of the TM modes of the plain 
waveguide when 6 is reduced to zero, the 
other is reduced to that of the TE modes. 
The modes concerning the former are simply 
called TM modes, and the latter are called 
TE modes. We shall distinguish them by 
enclosing the subscripts in parentheses for 
TM modes and in brackets for TE modes. 
%, is a function of the thickness of the layer, 
and varies greatly from that of the plain 
waveguide even if 0 is very small. Although 
the approximation is not good, it is useful to 
expand /,(%,b) and /,’(%,b) into power series 
of %,a0. 

In case of the TM modes, if we set 


haat thta,, where Jn(%ua)=0, (3.12) 
then 
Tn Qiciyd)= (AX i —X yd aIn! Kea), 
Ie Qia@b=eSIn! Kieay@), (3513) 


and we obtain from (3.11) 


a 2 
My =keof 1 (14 8 ris) fe 1) 


(o>) 
and 


ole CTC CnC O 
day = —payn— —+ 
i) €o Keay 


38. (3.15) 


In case of the TE modes, if we set 


“iy =*t+Ar~3, where Jn’(%pja)=0, (3. 16) 
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then 


Tn! Qyib== — (At —* IO 
n? 
(1a \Unne), (3.17) 
Xia" 


Irmo, w@, 


and we obtain from (3.11) 


Ee 2p 2 " 
= SS ee ee 
é5 1 pa—n®) Xe oO § Y 
and 
aS SA hy s i\ 
P= Win 0. (3. 19) 


é&  Xtay? 


The ¢ components of the electric fields at 
the boundary between the dielectric and the 
air must be known to calculate the mode 
generations from the irregularities of the 
thickness of the dielectric layer. As the thick- 
ness of the layer is very thin, we take only 
the first order of Ar, where, 


r=a—Ar. (3. 20) 
For the TE); mode, 
E,=— Vio19cotny Ar Jo(*%t011@) (3. 21) 
This is the same expression as the electric 
field component when ¢.=<¢,. At the boundary 


between the dielectric and the air 


E,(v=b) = —Veorarorxc011°@6 Jo(%p011@) 


(S22)) 
For the TM modes, 
OR Oo Vecbasia ae o— Ma 
| €9 a 
, cos 
x If (Kaya) oats ng, 
(@7Z3)) 
Xo 
E,@=—Viaybay ae 2 e 


Se RACE: A cos ; 
Tn’ Hein) PSone 
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And for the TE mode Taking advantage of (3.10) and (3.26), the 
' orthogonality relation (3.25) becomes: 
Boe Vidal Cena) | Crate —n) ee 
\e Ele -Xy PEL EA \ nordrde 
0J0 £0 
xan 8 aE nto} COS 
€ —sin a ane 
: + =| PELs: In Lid) Jn! Lyd)" sngbdg 
&o Jo cos* 
E.@= —Vpyqui Ina) 
2n b &9 ; R 
4 SED Gk eee 
xe (teatat——* -w?) A Me \ \ eae. 
a —sin” 
@ 24) Jub led) PY sit sin? juprdrdp 
Substituting Ar=ad into (3.23) and (3.24), the : 
fields at the boundary can be obtained. In 4 82 (°f 4 Ar? yy _pysin 
x Pix oJ n 110) np 
(3.21) to (3.24), %: and %. are the roots of “0 Jo 24 cos 
In’ Aa) =0 and J,(%u,a)=0 respectively. a io 
The coefficients p; and gq; are calculated x Lbs IG sin ne} fae 
from the normalized orthogonality relation zs ae ie 
which is written, using (2.11) and (2.16), as: ner 2s 
“ts Poly. i Xri 4° Tear ng rdr do 
0 0 
\\ (eri X hii) tz dS 
S 
ae geben had) Jn! aid) Ss nobde 
=\\ OTA TY xi hie 
Ss Eo 
+( [ Gy sts adi 1b) oS nordrde 
pees xis)dS 
ko? 
+f a fecdd eo ne 
=|[ {Soro OTe 
S 
h2?+k ia na <i nol bdo 
VT VTE xis dS = 1. G25) ("% —(1—dno)eos"* J 
0 
— Ae+k? Ai 7 cy pysin | 
As T; and T/ of (3.25) satisfy (3.5) in each ko? a {p Xo? Jnl epee 
region respectively, we can utilize the vector 
formulae“: Li —sin o 
<a Bs Tis In 1iD)N = —6,,)cos 
Vil)°dS=\\ 22,7 34dS 
i), an iI. bay |=1, (3.27) 
oT; ; ; 
+| 7 or ds, where dno is defined in (2.16). The normaliz- 
(Gaze) ing factors p, and q are obtained from (3.27). 
: Only the zeroth and first order terms of 6 
I fetev.Tv xéas are calculated. For the TM modes, 


i 
oT’ OT: - 
=|Te ae -\re Os ds. Pos lem /2 we 7 Xi In- 1(% i) 
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& ef Ro” = 28) 
x 1+- 9? (Gr y 
&9 €o (i) 
where 
Aue if n=0, (3. 29) 
te? if <0. 


And for the TE modes, 


= it 
et (a. _&n 
Gi=Vinm] ni z Vena —n? Irn Cu@® 


aa oy, (3. 30) 


hea 
where 


Whe 
Cra —n®) ku? 


69 — <j 


n* 
ee 
(Ayia —n*) 7) 


il én €2—€1 Math? 


Pig gal De eo a 
x( ko? a é& Atay? /)” 


4. The Mode Conversion by the Irregularity 
of the Thickness of the Dielectric Layer 
in the Dielectric-Coated Waveguide 


G31) 


If the thickness of the dielectric layer is 
not uniform in dielectric-coated waveguides, 
mode conversion occurs from these non- 
uniformities. It is known that this kind of 
waveguide has very excellent characteristics 
for circular electric wave transmission around 
bends if it has perfect dimensions.‘’? There- 
fore, it is necessary to know the mode con- 
version loss by the non-uniformity, of the 
thickness of the dielectric layer to determine 
the tolerance of the thickness, and to infer 
the cause of the attenuation increase if any. 
But it is very difficult to know precisely the 
thickness in an actual waveguide. And in 
the following calculation of the mode con- 
version, for simplicity several assumptions 
are made. Therefore, only a rough estimation 
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of the mode conversion can be obtained, but 
it may be very useful in practice. 

We shall use some assumptions in the cal. 
culation of the mode conversion. The di- 
mensions of the metal waveguide are perfect, 
the conductivity of the wall is infinite, and 
the waveguide is straight. Let the normal 
thickness of the dielectric layer be ¢, and its 
length be J, ¢ is not necessarily the mean 
thickness. The thickness of the layer is ex- 
pressed as a function of position as: 

t+t,(@, 2). (4.1) 
t, is positive at places thicker than the nor- 
mal thickness, and is negative at thinner 
places. Fig. 3 shows an elementary irregulari- 
ty. We now assume: 


t<a, (4, 2) 


and 


tit. (4. 3) 


Convex Part 
\ 


eae ee 


P77 e 
Lf tae 
lee / 


(ie eS lea 


Thickness ft 


(a) Concave Part (b) 


(a) Elementary irreguiarity. 
(b) Cross Section. 


Fig. 3—Irregularity of the dielectric layer 
thickness. 


At the thickness irregularity, it is considered 
that there exists the distribution of the di- 
electric, at r=b, which dielectric constant is 
¢, and the thickness is ¢;(@, z) in the uni- 
form waveguide for the z direction, and it 
can be replaced by equivalent current dis- 
tribution which is equal to partial derivative, 
with respect to the time, of the polarization 
vector induced at the dielectric. The mode 
conversion by the irregularities of the thick- 
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ness of the layer can be derived from the 
problem of the mode generation from the 
distributed current in the waveguide. Strictly 
speaking, the polarization vector by the exact 
electric field in which the perturbation of the 
incident TE); wave by the irregularities is 
taken into consideration, must be used as the 
source of the mode generation. But the 
perturbation is neglected here because of (4.2) 
and (4.3). 

The elementary irregularity whose thickness 
is ¢; at the point (0, ¢’, 2’) is shown in Fig. 3 
(a). Then, the equivalent .current J is the 
time derivative of the polarization vector 
which is the product of (¢:.—¢,) and the 
eletric field at the part, namely V{013(z) e to1) 
(b,~’). The time variation is assumed as 
et, then z(z) of small length part of z di- 
rection is: 


b-ti 


iC: a'|" 


=f 
M2 y= —bde'| (the integrand in above equation) dr’ 


b 
b 


tw (€2—€1) Voor 2’ ero (8, v’) eri (0, e’ dr 


then 

I eg 

Ai* = Fa/ —to(e2.—€1) Vir] 

WE 
x {—gto13*t017?@d Jo(%t013@) Ja 

tL 
Xf? I Ace 66,0) 

= —r 
Xexp(—2thpo1}2’ £1hiz’) dy’ dz’. (4. 9) 
where, in cases of the TM and TE modes, 
respectively, ¢,:(b,0’) becomes as follows from 


3.23)-and (3.24): 


€ocnm) (6, 2) = —Pom NM crm) 


in convex part, 
(4. 4) 


in concave part. 


They are integrated with y’, then in both regions, 


is 


1 (2") =t0(€2—&1) Veonte")| A, 2 eco, 9’) eu, ob do’ 


And a ot (2.35) is 


Ge yi A ise, (4. 6) 


then, from (2.36) the amplitudes of the mode 
i generated by the elementary irregularity 
become: 


Ait (2) =F i Bors “isa! et da’. 
WEo 21 
(4. 7) 
Here, we define the following quantities: 
Vp013 (2) = Veorse “C011 
Ai* (@) =Airerz, (4. 8) 


eu ’) =r, Q)irt+epi(M Pb, 


r) 
Cy nm] 8, G) = — aon (Benne? 


é 
ee n?) Jn nm) COS 
€9 — Sit 


(4. 10) 


The mode conversion coefficient is the ratio 
of the amplitude of the converted mode 7 to 
the amplitude of the incident TE, mode. 
The generated mode is resolved into two 
parts, one given by the upper part of the 
double trigonometric functions in (4.10), the 
other given by the lower part. The former 
coefficient is written as C;, the latter as S;. 
The double sign * shows the direction of 
propagation of the waves. The four kinds 
of conversion coefficients are written as: 
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Ct qt Fin Ae (4.11 In the first place, we will calculate the 
s.r oe -2Vi011 vx mode conversion from the parts of the di- 
Va electric layer thicker than the normal part 
as shown in Fig. 4. No variation for the ¢ 
Substituting (4.9) and (4.10) into (4.11), we direction is assumed. In case of thinner parts, 
get only the sign is reversed. The irregularity 
; of the thickness is expressed as: 
ee I L(g’, ZB) COS py Mi 
Sw : -4 Ss ee gre ti =tmcos 1° me 8) 
xexp(—thporj2’ ttheyz’)do'dz’, (A. 12) 
where 
bo=i Vd mkt 2! 4/ Meo, (4.13) 
2 hoo) 
and 
I 
Cra* _ 4 $a)? i HG 2) COSpg/ 
Sire 2 oe ee —sin 
xexp(—thro1j2’ + thpijz’) dy’ dz’, (4.14) 
where Fig. 4—Bulge of the dielectric layer shickness. 
; So—é k 
$i] =i Ven — Ti ee 
a A hrohtij ; ; 
In the thinner case, t, has a negative value. 
4 Obviously from (4.12) and (4.14), only TE 
4S 5 2 ES > im 
x Peon era La d. (4.15) modes generate. 
V kiv—n 8 
@ —— — 90m] Em| 2 TZ" es ae ree: 
[omy = + a ae , COS ] exp(—2hpo1] + thtom)) 2’ dz 
oY 
a l 
f tm 1 ©OSCAt011 F hom) “5 
= Fe $omj 2 a 5.2 
oa A x Chpon htop 2P pe 
In these equations Remy=zcamya is the mth A numerical calculation will be made with 
root of Jn(@)=0 other than zero, and ktymj= the assumptions: 
Xtomja 1s the mth root of J,’(z)=0 other than 
zero. Obviously from (4.13), the mode con- e273; 


version to the TMom modes does not occur. 


5. Examples of the Mode Conversion by 
the Thickness Irregularities of the 


tm 
Dielectric Layer gq 1 96x10 
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Table 1 


?{0m] UNDER THE CONDITION (5.3) 


Nn | 1 | 2 | 3 | 4 | 5 | 6 | 7 8 
| | | 
| | | 


20> Oma} Meso x<all Om | BAM SOO 


| 


! | 
DeZO NOR a a esle xX LO 9.29102 | 


(1/)6t0m) | == 


3. 58x 1073 


(when 2a=51 mm, tn=50 microns). (5.3) 


Table 1 shows —i¢rom). Fig. 5 shows the mode 
conversion coefficients as functions of 7 when 
-the frequency is 50 Gc/s. The insertion loss 
due to the mode conversions is 


4 


0) 


on 


L=4.343 5° > (Crom? dB, (5.4) 
m=2 + 


where, Ciomj]* <1 is assumed. The insertion 
loss L is shown in Fig.6 as a function of 
the length J, and it has a very small value. 

The mode conversion loss is proportional 
to the square of ¢,. A large percentage of 
the converted power is carried by the TE, 


Mode Conversion Factor (—/C,” 


mode. When /=20 cm, TE,: contributes about Sere ee aE SE an Le 
97.90 % of the total conversion loss, TEo3 Denethiysiem 

does 1.70 %, TE s does 0.34%, TE ; does ¢ 

0.04:%, and the sum total of TEo., TE; and Fig. 5—Mode conversion factor by the bulge 


TEos and all the modes propagating in the CEU MO Ren Gy Gr: 


negative direction contribute the remainder. 
However, when 7 is very short, the con- 
versions to high order modes are not so small. 


FA 
For example, when /=4 cm, TE,: contributes S 
26.37 %, TEvs does 42.10 %, TEos does 29.37 ne 1 | eh 
%, TEos does 133 %, TEoe does 0.67 %, 10 + 
TE o; does 0.00 %, TEs does 0.17 % and all o i 
the modes propagating in the negative direct- Sa 
ion contribute the remainder. S% + 
The second example of the irregularity of 5 F L ui 
the thickness of the layer is the onesided di- S 
electric as shown in Fig. 7. In this case, f; is eee, 
written as: e 0 
0) Ge ee WAG a sO sb5 40 2G Be 
Ae Length of Irregular Part 
t1=tm COS Y COS Te (55) 


Fig. 6—Mode conversion loss due to the bulge 


This type of deformation couples TMin of the: diclectwic layer. 


and TE,m modes to the TE; wave. 
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Table 2 


damy AND ${1m] UNDER THE CONDITION (5.3) 


7 @ 1 2 3 | 


Set 


| |} 
| 5 6 | ip | 8 
| | 


(1/4) $t1m] | 3.0710~4 | 3.03x10~ | 2.9610" 2 


87 10 | DAA Oma eZ Ose 


/ 
2.40% 10* | Ae 53 K10-* 


Cd dtim)| 1.35X10* | 3.82x10% | 6.2110? | 8. 75x10? | 1, Lox 10 | A Ae ai 


1, 91% 107"| 2) 6610 


Table 3 


MODE CONVERSION LOSS BY ONE-SIDES 
THICKNESS OF THE DIELECTRIC LAYER, 
AND PERCENTAGE CONTENT RATE OF 
EACH MODE IN IT 


Mode Con- 


| version 


Content Rate (%) 


=a 


1=45 em | 1.30%10-* | 49,8 | 49.4 | 0.16 | 0.12 | 0.49 


| = =a) 


1=70 cm} 4. 85x 107° 2.4 | 91.8 27 a ata) SORT 
Seer 
og 
ee ee: Scie : 


4 


Fig. 7—One-sided thickness part. 


1 08S (hoy + nee 2 


G > = Eas m)~— 
Pa fe y At zm — (hooj+ ham)? |? 


(5. 6) 


where 


Nem 52. (5. ie) 


Pam =t WV 2 Fro "1 
2) hcor 


And, for the TE,;m modes 


eee) Nine | Te TEs TE, EM 


ve), 
cos (hj ham) 5 


pa} if 
Com)* = ¥ 27° Gam) = pik 


ah x Cian ham 


(28) 
where 


ben eee 
ky [1m] 


> g—e] é 
btimj= tv 2 kei 62, 
er 4 Bruit oe 


(5. 9) 
For both modes, we easily find 
Sar Sonn =6: (5. 10) 
Table 2 shows ¢; in case of (5.3). In these 


calculations, the phase constants of all modes 
are multiplied by the correction factors obtain- 
ed by Unger.‘ The mode conversion factors 
are calculated for the cases where /=45 cm 
and /=70cm at the freqency of 50 Gc/s. 
The mode conversion loss and the percentage 
content of each mode of the total converted 
power is shown in Table 3. 

In case of the irregularity of the thickness 
of the layer expressed as 


t1=tn COS py Cos . ; (aelb) 


the TM,m and TE,m modes generate. Es- 
pecially, the conversion factor of the mode 
whose phase constant is near that of the 
TEo; is very large. The phase constant of 
the TE,, mode is the nearest to the TEo, 
among mode in case of dielectric-coated 
waveguide of (5.3). TE;; and TMb, are also 
the near modes. The variation of the thick- 
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ness in case of P=4 in (5.11) is the most 
important one. 

The mode conversion loss due to a_ single 
irregular place as shown in Fig. 4 and 7 is 
negligibly small. But the mode conversion 
by the iterative irregular places is not so 
small. It is assumed, for simplicity, that the 
number of the converted mode is only one. 
If the attenuation constant for the unwanted 
mode is very large, then the power generated 
at every irregular place immediately vanishes, 
and the mode conversion loss is easily obtain- 
ed by multiplying the insertion loss (dB) at 
a single irregular place by the number of 
irregular places. Actually, the attenuation 
constants for the unwanted modes are not so 
high. When the waves generated at the 
irregular places are in phase with each other, 
they may cause an extraordinary attenuation 
even if the conversion factor at each irregular 
place is very small.“'®“* The calculation in 
such case is done for equivalent iterative 
coupled transmission lines. The coupling 
coefficient at each coupling place is & (the 
absolute value is K) and the distances be- 
tween adjoining coupling points are J).“!°? The 
same phase condition of every converted 
wave is: 

hooij— Mi + lp = 2pz. @=12) 
Let the propagation constant and the attenuat- 
ion constant of the TE); mode be 7, and 
, the attenuation constant of the unwanted 
mode be a; and Aw=a,;—a:. Passing 7 con- 
version places, an incident TE); mode with 
an amplitude of unity becomes: 


= |-( eS a) \ 
A ED) mt I, hail? ay 


gS Oh Ce ‘iad 
[1+ Aas]? i eX Aaslo E 


ay 


G2 13) 


when K<(Aal. Moreover for large x, 


“ {-( 3K* aga 
soe Cee 2h Aa®-1,2 nly 
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K2 \) | 
] e@ i oh . 

di og-( rae ) (5.14) 

then the attenuation constant of the TE, 

wave becomes a;+a;, where 


(Sr 15) 


The numerical calculation is carried out 
for the one-sided case, as shown in Fig. 7, 
under the condition (5.3). The mode con- 
version factor to the TE;, mode is K=7.4X 
10°*, when /=45cm. Many irregular points, 
having the mode conversion factor of K=7.4 
x10°* are assumed to be distributed at the 
intervals of Jj=4.58 m, which satisfy the con- 
dition (5.12). The attenuation constants of 
the TE); and TE,. modes of the plain wave- 
guide are 1.24x10*N/m and 4.72x40> 
N/m, then Aal,=1,94x107° which satisfies 
the condition K<Aal, which realize (5.13). 
Then, from (5.15) 

Kag=". 10> N/m, (5. 16) 
which is 60.5 % of the heat loss of the TE; 
mode in the perfect waveguide. When K 
becomes much larger so that K«Aal, the 
attenuation pattern differs from the logarith- 
mic attenuation and it also has a_ sinusoidal 
variation.“"?? 

A theory of the mode conversion by the 
deformed guide wall of the plain waveguide 
has been worked out statistically.“? |The 
theory can be utilized conveniently for the 
case of the mode conversion by the non- 
uniformity of the thickness of the dielectric 
layer in the dielectric-coated waveguide. 
The thickness of the layer has been written 
as (4.1) in which the irregular term f¢, is 
expanded in a double Fourier series for the 
circumferential and the axial directions. Then 
the waveguide is divided into many parts all 
of whose lengths are the same. The means 
of the Fourier coefficients are zero in every 
part. The mean attenuation due to the 
mode conversion in the waveguide consists 
of many parts and is described by the root 
mean square value of the thickness irregulari- 
ties. 
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In a part of the waveguide, f, is expressed Cie SF ence EN Sei) | 
by the finite Fourier series for —//2<z<//2, A 2 7=0 
0<¢<2z, E 
Si = + uF oS, ér (Cnr fiyr*® —t Grr Yi,r) 
Hi(@, 2) 1 R S (a re Qn V2 r=0 
atten ac ee (5. 21) 
+6,s sin 7" )eos se where 
Qn v2! 
+(cr 663 4.4, sin a ”®)sin se fra : cos(hrors + hid2’ cos = ae 
rs ij rs i > = 
Gi 
: (—)'2Chpoyt hi? sin Choo hi) > 
where ¢,’s are defined in (3.29). The Fourier mt ae ames 2. 
coefficients Gs, brs, rs and d,s are written in (hro + hi) ?0? —A4rP?r 
Met ormas al ee ee a 
20 VZ 5. BA 
I cos “",~ cos sp sin“) “ cos s¢ 
sb 2(*(2 iy, 2) 
i ae - \ | 1\Q, 4 dzde, (5. 18) 
oe al Jo -3 c Vibe E BOTEHZ se 
cos“, sinsp sin“) ~ sin sp 


from which, we can easily find i, ‘- oa a2 ee 


Jip t= 2” sin (hp # ha) 2’ in" dz’ 
bos =Cro= dys = dry =0. (5. 19) -f 
The mean square value of f¢,; (vy, z), namely o? ae = eee 
divided by a? is Reobensaor: Sue 
Chro hi)??? —42? 
I 
2 Qn 2 D5 
etl oe ca 
e 2 
Hs Bey Then, from (5.21) 
oo Toe, OS : ; : 
¢ = ee ¥ yy ey Er’ (Arn fi,r* —1Drn gi a) (Arn fi rt +1byn gi al Ne 
42,2 yA | 
(5223) 
6,2 R R 
|S ae & bi ys a, Ey Ey! (Ga hey —1d yn i,r®) Cyn fiyr'* + 1d yp ngi MN 
AR 0 7"=0 ; 
a ae FeresOn®+2% Fe Drs? The waveguide have been divided into many 
16 |_+=0 s=0 r=0 s=0 parts of length J, and the mean of any 
ane Pie quantities of every part is expressed with 
2 Seo 4 Y du? | the sign <>. We assume that 
v=0 s=0 r=0 s=0 


Now from (4.12) and (4.14), we get 


(8. 20) (Drs =O)rs =(O>rs =(A)rs =0 
(aby rs = (AO) pg seen =<cd)rs=0 | (5. 24) 
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(Grs*) = (brs?) = (Ors) ={ G3") = aa 


a’ 
where a; is the standard deviation. The mean 


o about every part of the waveguide is 
written as: 


(5.25) 


The mean of the sum of two of (5.23) 
obtained from (5.19) and (5.24) as: 


(C7? esa 2 


\2 
on ee | ae 


R 5 
+4 us LG)" + (i,r*)*} oe | 


S| l 
=e, 16,2 ——sin? Bey ee 
Abe —, Sin Cen Ze a 


Choy = hi i)? +47? Va Orn? 
{Cho hi ye An? 7?}2 a 7 


(5526) 


R 2 
24° 


The value of (5.26) is calculated for every 


mode, and the mean mode conversion loss — 


is obtained from 


Z 38 Se [dC eum? 


n=0 m 


= > + Seam *”) 


+ Coamy? +/Scamy > 
+<(Ctnmy*? + Stumy* > 
+ Gigi ta oCnnale( | dB/m. © THD 


This is the equation for the mean attenuation 
by the mode conversion by random irregulari- 
ties of the layer thickness. 

Figs. 8 and 9 are two measured thicknesses 
of the polyethylene layers in the dielectric- 
coated waveguide constructed in our Labora- 
tory. Fig. 8 shows the thickness variation 
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Thickness,mm 


0 4 On C20 N24 238 eZ 
Measuring Point 


36 40 


Fig. 8—Circumferential direction variation of 
dielectric layer thickness in the die- 
lectric-coated waveguide constructed 
by the whirl sinter method. 


Lil 
Ci 'rcum ferential 


Axial . direction 


Ori 7k here 
(a ae ay SO) 


Measuring Point 


Fig. 9—Circumferential and axial direction vari- 
ation of dielectric layer thickness in the 
dielectric-coated waveguide constructed 
by tube bonding method. Distance be- 
tween adjoining measuring points are 
4mm. 


for the circumferential direction of the poly- 
ethylene layer peeled off from the dielectric- 
coated waveguide constructed by the whirl 
sinter method. A micrometer was used to 
measure, and the measurements were made 
at every 40 divided point of the circumference 
of about 160mm. The measuring spacing 
may not be so narrow that exact tracing of 
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the thickness is possible. The thickness 
variation for the axial direction is the same 
as that for the circumferential direction. Fig. 
9 shows the result of the dielectric-coated 
waveguide constructed by the tube bonding 
method. The polyethylene tube was made 
by the inflation method, so the uniformity of 
the thickness for the circumferential direction 
is not very good. After the manufacturing 
process, the tube is folded and rolled up, and 
it is difficult to keep good uniformity for the 
circumferential direction. But in the axial 
direction, the uniformity is excellent. Even 
if there is nonuniformity in the circumferen- 
tial direction, if it is uniform in the axial 
direction mode conversion does not occurs 
except at the junction between two waveguides 
whose axes of nonuniformities do not coincide 
with each other. 

First, it is assumed that the irregularity of 
the thickness variation curve for the axial 
direction does not differ from that for the 
circumferential directions, and the unit length 
l is taken as 2za. That means there is no 
variation having a period longer than 2za. 
The subscripts r and s of the Fourier series 
in (5.17) are assumed to be zero unless 


(5. 28) 


That means the thickness variation is very 
slow. Let the subscript for the mode number 
be nm, then it is sufficient to take only the 
modes of <4 into consideration. If the 
Fourier coefficients of the irregularity which 
generates the mm mode are such that s is 
equal to , then it is sufficient to consider to 
take only s<4. Next for 7, when J is very 
short as 2za, it is sufficient to take r<4 also. 
The large part of the converted power is con- 
tained in the modes of r=0 and r=1 only. 

The converted modes are assumed to be 
only the next seven. For much longer J, 
many more modes must be taken into con- 
sideration. 


Pies TMa*, TEs, LE, ) 


(5. 29) 
TEs", TEsit, and AM Ovre; j 
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In the third equation of (5.24), we set 


‘s for 0<’ <4 
Ors= @ (5. 30) 
0 otherwise. 


Under above assumption, we get from (5.25) 


<a?) =18. 06 a4” (5:38) 


Again in case of (5.3) (tm will be designated 
later) the values ¢,’s are shown in Table 4. 


Table 4 


¢@; OF THE MODES OF (5.29) UNDER 
THE CONDITION (5.3) 


CO) Eh 12 21 31 4l 
are gon Nh Vette S- 
Cid $cen) | 16-F S | at) a ae 


yor 1 1°35- (98> | oro Var) lees 
C/A) $tmm] 10-8 | x 10-# x 10x 10-8 x 10-8 


When the frequency is 50Gc/s, (5.26) be- 


comes: 


MC ;*+2 +|Si* 2) 


= 39. 56,? 2 aie han hoa) 


4 Chon—m)?a? +r 
x ee : 59 9? 5. 32 
3 (hoo) hs)? —r* . ? 
and after numerical calculation the mean 
attenuation <L> becomes: 
o2 
<E)=0.581 7? dB/m. (6. 33) 


The attenuation constant of the waveguide 
without the dielectric layer (Ly) is 1.07dB/km, 
therefore 

(L) 
7 (©. 34) 


0 


2 
=5, 43x10! . %. 
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For example, if a=0.0255m, and <o)=2x 
10°°m, then the percentage attenuation to 
the heat loss of (5.34) is 0.033 %. 

In the next place, we will consider a much 
longer 7. In such a case fairly large con- 
version may occur to modes whose phase 
constants are not very near to that of the 
TE); and having large vr. That means there 
is a sinusoidal thickness variation having r 
periods in a fairly long transmission line. 
This differs from the initial assumption of 
random irregularity. The iterative reflections 
or mode conversions along the axis cause 
not only the logarithmic attenuation, but also 
trigonometric variation of amplitude.“'?“'® 

The numerical example will be shown 
under the same condition as before except 
that the length 7 is changed to 12m. In 
this case 


IC;* a4 Se 


2 
=3. 04x 1086? 2? sin® (6a —h)} 


: Chroj— Ai)? +0. 2747 
2 1 
5 = °"'{ Chor — hi)? —0. 274 PY?’ 
(@n05) 
from which we get 
2 
GELIN 2s 2 dB/m. (5.36) 


When a=0.0255 m, and <0)=2X107* m, the 
percentage attenuation to the heat loss is 0.63 
% which is 19 times as large as the result 
when /=2za. If many more modes are added 
to (5.29), and the limitation (5.28) is extend- 
ed, the attenuation may increase much more. 
Even when the standard deviation of the 
thickness irregularity is constant, the attenuat- 
ion varies according to the nature of the 
irregularity. Therefore, an exact value must 
be calculated for the practical condition. 
Though, the mode conversion by the thickness 
irregularity may not give rise to a serious 
attenuation; that is, because the thickness 
irregularity exists close to the metal wall 
where the electric field intensity is feeble, the 


445 


conversion factors have the term 6”. That is 


one of the excellent features of this kind of 
waveguide. 


6. Mode Conversion through a Junction 
between Plain and Dielectric-Coated 
Waveguides 


The mode conversion occurs at the junction 
between the plain and the dielectric-coated 
waveguide. Unger obtained an approximate 
conversion factor for such a joint. A 
standard method by Iiguchi‘'® to obtain the 
conversion factor at such junction enables us 
to obtain the exact solution. Hereafter, the 
sign m stands for [0m]. Fig.10 shows the 
junction in question. The incident TE, 
wave propagates from the left to the junction 
in the figure, and the transverse components 
of the electric and magnetic fields of the 
incident and converted waves are written as: 


Vee 7874+ RV, e, e781? + >} V m€me!8mz, 
T,hye- 42? — RI, hy e112 —Y Imhnetinez, 


NT Ve; e791 2 + Ds Vin! @m’ € Jbm’z, 


1 | he 
— TI, h 1 @-Ib12 Tin! Wm! E75 bm z, 
Nae 1é +>) 

COs1) 


where R is the reflection coefficient; 8» is the 
phase constant of the TE,, mode; WN is the 
transformation ratio, and J is the transmission 
factor. In section 2 we used the mode voltage 
V and the mode current J as functions of z, 
but here they are not functions of z. The 
primed quantities are those for the dielectric- 


Fig. 10—Junction between the dielectric-coated 
and plain waveguides. 
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coated waveguide. The continuity conditions 
at the junction plane, z=0, are 


ad +R) Vier ar ys Vin@m= NT Vie,’ Sip E Wor! Orn 


a-R)h hy->) Il Gs =e Th hif+Dd IESE hin’. j 


(6:2) 


The mode vectors in (6.2) are written, using 
the symbols in section 3 as: 


Cm =AmxXm Ji Qn Yr) 1, 


»_{In'LimJiGumri, in the region © 


en 


| Gm! X1m7Jo Camb) Ari, LL @, 
eA 
hy, = — eee 
0 
lope F F : 
hn’ = a in the regions 
0 
@ and @). 
(6,3) 


The first equation of (6.2) is multiplied by 
JiGamy)r and is integrated with r from 0 to 
a for an integer m larger than one. Taking 
into consideration that V/V, and Vn’/V, are 
O(6) at most, that N=1+O0), and that gm/ 
Gm’ =1+0(6), the relation between V; and V,’ 
with regard to the lowest order terms of 0 
is obtained as: 


Vi-—V,/=AYV,, (6. 4) 
where 
A= ror tomy —_ A013 
372 koa —Rtom? rom) 
x (Roo? —*2p01347) 3°. (6.5) 


The lower part of (6.2) is multiplied by 
Ji(ymr)r and is integrated with r from 0 to 
a; then under the above assumption we get 


Ve ie Vn = — A Many YiVi. 
le 


Om 


(6. 6) 


(6.5) and (6.6) are easily solved. 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


Z 
Van ae 
_ Mommy 
Ve Vin te Y me 
Gum) 
h 2 
a m + ae a. 4 
Viv=A [0m] 
‘ Ynt Nene 
The mode conversion factors C* are 
Vn) ote 
ee ee Ce a: 
4 V; A f, Za) Viele 
V Zh VY, 
(6. 8) 
Veo igus ee 
C Pe oe - —Z1 Vm 
py wea eee Zn Vi 
A, V1 
They are rewritten as: 
C,2- 1 2&0 Pio fom) _ 
3V 2: Eo Reo}? — tom)" 
2,2 / Arory 013 4011+ Aiom)) = 
x K°a? fog <=CVL. ra LOue lo 
° htom] 2htom}* 
(6. 9) 


A numerical calculation is performed under 
the condition «:=2.32), koa=26.7 (this corres- 
ponds to a frequency of 50Gc/s and to a 
waveguide diameter of 51mm) and 6=0.01. 
The C,,+ values for m from 2 to 8 are shown 
in Table 5. 

The mode conversion to TEs is the largest 
of all in Table 5, because this mode is near 
the cutoff. The conversion factor to such 


Table 5 


MODE CONVERSION FACTORS TO T lena 
AT THE JUNCTION IN CASE OF ¢.=2.3%, 
kya=26.70, AND 6=0.01 


Weis 4} SLE) eet 


| | iF | 7 i 
Cn* (— dB) ea! 79.2 | 80.65.81. 3} 80.5 | 80.0] 63.9 
| | | | | 
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mode may be very large, but this value 
suffers serious influence from the heat loss of 
the waveguide in general. Therefore, in the 
practical case such large conversion never 
occurs. 


7. Mode Conversion through Slightly 
Deformed Wall of Hybrid-Mode 
Waveguide 


When the guide wall is deformed slightly 
in the circular cylinder and the direction of 
this deformation varies along the guide axis, 
mode conversion occurs. In the plain wave- 
guide, general formulae concerning such 
waveguide deformation have been obtained 
by Morgan.‘ Using (2.30), that is, the 
general formulae of the mode generation in 
the waveguide with nonuniform material in 
it, the mode conversion by the wall deformat- 
ion in the dielectric-coated waveguide can be 
obtained. And also in the waveguide having 
not only nonuniform material, but also an 
impedance wall, the general formulae of the 
mode conversion by such deformation can be 
obtained. The results coincide with the 
Morgan’s formulae‘* obtained by different 
method from that in the presenting paper 
when the material constant reduces to that 
of air, and the wall impedance reduces to 
zero. 

For the mode conversion by nonuniformity 
of the dielectric layer thickness; if the mode 
conversion loss is very small as obtained in 
the section 5, then the tolerance of the wave- 
guide itself is rather important. 

To prevent serious attenuation and _ the 
phase distortion due to the mode conversion- 
reconversion it is necessary to absorb the 
unwanted modes generated by the imperfect 
junction or wall deformation, by inserting the 
helix waveguide. And also, a whole trans- 
mission line may consist of the helix wave- 
guide.°” 

The helix waveguide having metallic shield 
is also one of the promising waveguide for 
bend of the TE); wave transmission line.‘ 
6) The progress of the manufacturing 
technique has enabled us to obtain the accu- 
rate helix waveguide.” When still more im- 


provement of the accuracy is attempted, it is 
necessary to calculate the mode conversion 
due to the wall deformation. The mode con- 
version due to the wall deformation in these 
two kinds of waveguide will be discussed 
hereafter. 

The wall of a waveguide having nonuniform 
material in it is assumed to be deformed as 
shown in Fig.11. The position of the wall 
is written as a function of @ and gz. 


No n 


Fig. 11—Slightly deformed wall of dielectric- 
coated waveguide. 


r=8+N(, 2), Gfggle) 

where 7; is much less than a. Equation (7.1) 
means that every point on the perfect circular 
cylinder wall is moved toward r direction 
by the amount 7; At that time the normal 
direction on the wall might vary at each 


point. It is also assumed the angle variation 
is very small. The outward unit normal 
vector on the deformed wall is 

n=nm+n, 2 


where n, is the outward unit vector on the 
perfect waveguide, but m, is not the unit 
vector. The electric and magnetic fields of 
the incident wave are written as: 


E=E,+E,, 
(7.3) 
H=H)+M, 


448 


where E, and HM, are the electric and magnetic 
fields in the distortionless waveguide. The 
electric field in the deformed guide is expand- 


ed as: 


{Eo} atni— {EF} atn | ee A Ge 4) 


The tangential component of the electric field 
at the wall is 


nx {E} a+r. Cie 5) 


Neglecting the higher order of infinitesimal 
quantities (7.5) becomes: 


Cao +m) XL {Eo} aan + {EB} a+n J 


=Ny X {Eo} a+r +Mo X {E,}a+m x {Eo} a. 
(7/56) 


If the incident wave is TE), mode, then 
{E)}a=0 (The partial derivative of it with 
respect to 7 has a finite value) at the wall, 
the tangential component of the electric field 
in the cross section of the waveguide is zero, 
and the electric field tangential to the wall 
and perpendicular to the circumferencial line 
of the cross section is related to the tangen- 
tial magnetic component by the following 
equation: 


OE 
mx {BE} ern =i X| an {tmx {Ei} a 


= —2.{B} a+n 


nXi, : 
Meu gO 


Since the incident wave is the TE), mode 


Ey =Evig, 


(7. 8) 


Using these equations, equation (7.7) is resolv- 
ed into two components as: 
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OE. ’ , 
E1,(4, 9, 2) = —n&, | ie oe Zz) | 


E\,(4, Y; 2) a —Z,1,,(4, Y, rae 
C9) 


The second equation of (7.9) means that the 
existence of fields (E;., H;,) other than those 
of the incident TE); wave satisfying the 
relation are permitted, but they are not re- 
lated with the incident TE); wave at all. 
That is, the wall deformation never generates 
such fields. From the upper equation of (7.9), 
we obtain the magnetic current to be set at 
the guide wall surface as: 


M(a, ¢,z)= —mxXE, 


= 7G: dj a A710) 


a 


The mode conversion by the deformation of 
the dielectric-coated waveguide wall can be 
obtained from (2.36) and (7.10). In the di- 
electric layer, the T-function of the dielectric- 
coated waveguide of the TE); mode is 


Vane. EM) 
Tioiy’ = 901] yg JoAsconyb i(1- 9 "): 
2001)" 2 


Ciel) 
Consequently, 


OT’ 01} 


Or 


Eu, ©) = Vio1- 


= — Veo13 9t013% 10013? Jo (x1 00190) Ar. 


Gig 
Accordingly, 
OE, Broiae 
ant = Yeon gory JoCRtay). (7.13) 


Of the generated mode i in the dielectric 
layer, 


CASS 
Ky? 
2 


eS imap 
3 Xo; 


Jn(auib) — sin ne. 
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Substituting from (7.12) to (7.14) into (2.36), the amplitude of the generated mode 7 is 


‘ Re Rou? 
Aj*(Z)= +y/ Be geen co Toon == 
WEy a ( 


OYUN 


Z(27 
x| | rp, 2") Viorr2")  ©°Sngp ady eF *@-2 dz’, 
3050 ae OR) 


Different from the plain waveguide, not 
only the TE modes but the TM modes other 
than n=0 are generated. However, in the 
case of one of the TM modes, the amplitude 
has two O(6) terms; q; and J,(%,:b), and it is 
a very small quantity. Thus usually, only 
the TE modes are taken into consideration. 
The conversion factor from the incident TEo; 
mode to the TE;,;; mode is 


Oe nN ot ee 
Si* Qxr/hrorjhti) a ar/ ke? —n? 


22x 
x| | 7, (pre e~** fort ep?’ COSno do dz’, 
SS LL 
(7. 16) 


The form of this equation is the same as 
that for the plain waveguide which has been 
obtained by Morgan.“ The mode conversion 
due to the wall deformation in the dielectric- 
coated waveguide is roughly the same as that 
of the plain waveguide. 


We will now proceed to the mode con-— 


version due to the wall deformation in the 
helix waveguide. First, it will be shown that 
(2.36) is roughly satisfied even when the guide 
wall has an impedance. (2.24), (2.28) and 
(2.32) have been derived under the assumption 
of perfect conductive wall. This assumption 
will be abandoned hereafter. The boundary 
condition on the wall surface is written as: 


Gh = = anehi; X= —Z,hsi, Ge 17) 


Li — Y siz xX eri = Y ssi. i 18) 


Where Z, and Y; are constants not depending 
on mode. A part of (2.21) is transformed as: 


{\v* iXte hx idS 


feat 


9 ai} Tn (uid) 


Eel? Pees 
| Voll Xte yo sci.dS 
v 


+ ua A Chaxicn ds : 


& 


= sine VieH xi-dS 


—1wZ, | Hat Xi-n)ds 


y 
& 


=|\v TT ads 
iva | | ha Hidde 


— | Had x ima}. (7.19) 


The second term in the last equation becomes 
zero if the impedances are the same for all 
modes, and (2.24) is satisfied also for the 
case of the helix waveguide. 

By a procedure similar to (7.19), a part of 
(2.26) is transformed as: 


\\v. Verbs S cae “i, XendS 
L 


ir -\j — —o Virkz « enidS 
ue 


+| Verte X Et oy x on) ds 
Lt 


n -{f Verbs XC yg ye BdS 
L 


+ jo¥ | Bil X enn) ds 
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=|lv. Virks a Gi “Lz x E.dS 
Lu 


= iw Vol Vente < EL, nds 


— | Bei xewn)dst. (7. 20) 


The second term of the last equation becomes 
zero if the admittances are the same for all 
modes, and (2.28) is also satisfied. 

The inhomogeneous term of (2.32) is trans- 
formed as: 


vui(Z) =—\\J2(u, v, Zen(u, v)dS 
+\\ Mu, v, z)-huCu, v)dS 
jws 
1i(2)=—\\M.(u, v, Z2ha(u, v)dS 


+\\ J(u, v, z)-en(u, v)dS 


+ -M,(U, V, Z)esi(u, v) ds. 


C521) 


A 
\ 
al ang Sac ne 
) 
i 
Es 


lop 


The mode generation due to the wall de- 
formation of the helix waveguide is calcu- 
lated by replacing the deformation with its 
equivalent magnetic current distribution. For 
simplicity, the impedance to the electric field 
in the circumferential direction is assumed to 
be zero. Then, Y; in (7.18) is infinite. In 
this case the magnetic current due to the 
incident TE), wave is the same as that in a 
perfect conductive waveguide. Substituting 
M, of (7.10) into (7.21), the amplitude of the 
converted mode iz from the TE); due to the 
wall distortion is 


A@@=+ ine geory%co17?Jo%ro11@) Veorje* tri 
0 


x \er ep, 2 )hzvadge*hto1] + hve’ dz’, 
oJo 
Ciew2Z)) 


Now, the fields in the helix waveguide are 
obtained from the following two scalar func- 
tions, (2.11), the wall impedance Z, and the 
boundary condition (7.17): 


Ti=piInQiine ne 
cos 


CEPR) 


ef =n (hur) COS no, 
— ST) 


Different from .the plain waveguide, the 
transverse electric modes are only the TEon 
modes, which do not need p;;. Transverse 
magnetic modes are only the TMyn modes, 
which do not need q;;. The modes other than 
these kinds of modes are designate HYnm 
(2220) 41? 

If the wall impedance is a constant value 
for every mode, the characteristics and 
structure of the outside of the wall need not 
be known to discuss the transmission of the 
mode in most cases. In such cases, the 
integration region of the orthogonality re- 
lation (2.16) may be limited within the im- 
pedance wall. If (&,,H,) and (K:, H,) are 
the electric and magnetic fields of two modes, 
then from Maxwell’s equation 


V-(E, x H2— FE, x H,) =0 Gi. 24) 
which can be rewritten as: 
V-CE, x H2— FE. x A): 
+ *. (E, x H.— FE, x H,).=0. Ci. 25) 


Here, the waveguide is assumed to be laid 
in the straight state. If 7, and 72 are the 
propagation constants of two modes _respec- 
tively, (7.25) is integrated as: 


\\cz x H,— EB, x H,).dS 
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il 
ae (E, x H,—E,x H,)-nds, (7.26) 


The boundary conditions at the wall are E.= 
—Z,H;, and E,;=Z,H., then the line integral 
in the right hand of (7.26) becomes: 


| {(Zs1 252) Ha 22 ar CBA —Z.2) Hs,Hs3} ds. 
COTKE) 


[i ads and [Ha Heds are not generally zero. 


But in the case when only the impedance 
has a constant value for every mode, (7.27) 
always becomes zero. Accordingly, the left 
hand of (7.26) always becomes zero in such 
a case. When the waveguide is symmetric, 
namely, if it does not contain any non-rever- 
sible element, the equation made by equating 
the left hand of (7.26) to-zero, easily becomes 
(2.16). 

The wall impedances differ for every mode 
in general. If ¢:, “4: are the material constants 
of the outside of the helix, and we define 
k=. and X%; by the relation 

Xo? =k? —h;?. @a28)) 
Corresponding to (7.23), in the outside of the 
waveguide, 


Ti =puHn™ ur) abe ng, 
cos 
(7. 29) 
Ti! =QuiHn® Agr) Sug. 
—=Spliel 


From (2.11) and (7.23), we get in the outside 


Xo ,2 sin 
Ei —. = bulla (Aur) np, 
EQ Cos 


(KO) 


&2 27 sin 
he=——-*oipoHn® es, (7. 30) 


£9 


_h? 0 My 4.7/0 

he? Q2i rs Hi, ( NEE 
Using the asymptotic expansion of the Hankel 
function, in case of |z\>(4n*—1)/8, |zl>|ln 
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LENG Rares 
oe (7.31) 
Then the impedance for the the mode 7 is 


Ch 32) 


Ws 


If we put j2=mo, and e=(e’—ie”)ey and the 
diameter of the waveguide is much larger 
than the wavelength, and |:’—1—ie"|> (%41:/ky)2, 


then 


a) ¥ 2 1 
ie Wok Nee lye ee 
en al | gi 2 ho? &’—1—ie” J 


Goa) 


which enables us to believe that the impedance 
is approximately a constant value for the 
modes except the very high order ones when 
the outside part of the helix is formed of 
usual dielectrics. 

Hereafter, we assume that Z, has a constant 
value for every mode, Z,; is zero, and the 
inner part of the guide is filled with air. 
Then, ¢<=¢) and “=p at the interior part of 
the z waveguide. %,; is simply written as %;, 
and 


ee —X? tT; 
(7. 34) 
VET =—%eTY, 


where %; is a constant not depending on the 
position in the cross section of the waveguide. 
The components of the fields are: 


ae 
a Saas Beis g he 
IWE 
(@s)) 
2 
hs Saar : Eg. 
tw Lo 


If p;; and qj; are written simply as p; and 
qi, then the mode conversion factors from 
the TE); mode to the mode iz by the de- 
formation of the wall are represented as: 


hi Gin Xia) 


(Ome ae Al 
I oe eo Xz cs 
ae Reo koa V hor 


Cae QW x 
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a 
x\\\ "ng, 2! e-thtor Fh D2 © nededz2’, 
SSM ligl 


oJo 
(7. 36) 


where fro1j is the first root of J;(z)=0 other 
than zero, namely 3.832. 

The characteristic equation to decide %; is 
obtained from the boundary condition. From 
C= —LZNoi, 


2 
a == DiJnCRi) 
1WEq 


=2. pikiJal bo = - 7 J.C) r (7.37) 


ae 
And from e,;=0, 


i In) 
Di Te qi, 


(7. 38) 
where k;=%;a. From these two equations, the 
characteristic equation 


koa Jn'Ri) _ hia In(Ri) __ 40 (7 99 
eS Bee Te "Gs pil 39) 
is obtained, but Z=q/e9. One more equ- 
ation is needed to determine p; and q;. The 


normalizing orthogonality relation satisfies 
this requirement. From 
\\ cen xX hi;)-t-dS=1, (7. 40) 
we can get provided +0 
Sen ae Weep ete 
aL ig (P+ ge0° (1a VetCeo 
72 h;? 
nue cho} — mba 1+ Veh) 
0 
Sa oe a 
+h( Maa 2 a? PoC Jn! ho) |=, 
0 
(7. 41) 


where h; can be obtained from h?2=k,?—%,?. 
Since it is difficult to get the mode con- 

vertion factor as a functional form of an 

arbitrary impedance, we will show a numeri- 
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cal example. The helix waveguide is divided 
into two. In the case of bends, the outside 
of the helix is made of low loss dielectric 
and is shielded with a metal tube over it. 
Then, the impedance has only a reactance 
component. In case of the mode filter, the 
outer part is made of lossy material. In the 
former case, it is said that the thickness of 
the dielectric layer of about a quarter wave- 
length in this material is adequate.“ In such 
case, Z: is infinite, and the numerical calcu- 
lation will be made for such a condition. 

First, &; is determined from the character- 
istic equation (7.39) in which Z, is equated 
to be infinite. Important modes in regard 
to the mode conversion due to the wall 
deformation are such that the phase constants 
are close to that of the TE);. The HYnm 
modes, where 7 is a number from one to 
four, and where m is a small number are 
taken into consideration. In case of infinite 
Z., the TMom modes degenerate to the TEom, 
but the conversion to these modes does not 
occur. 

We assume kpa=26.70 which is the value 
for the case when the diameter is 51 mm and 
the frequency is 50 Gc/s. In case of infinite 
Z., k; is a real number. Table 6 shows several 
k; values. 


Table 6 


k; IN CASE OF Z,=0o AND k,a=26.70 


n 1 2 3 
2.403 | 505 | 552 
2 i 3.826 ; 6 a 
3 gas 
4 6. ory : 


We can find from Table 6 that the HY,, 
mode has the closest phase constant to that 
of the TE, mode. This kind of the wave- 
guide is manufactured straight and is later 
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bent to the desired bending radius. In general, 
when the circular tube is bent, the shape of 
the cross section is apt to be deformed to 
the elliptic shape, especially at the center 
part of the bend. Elliptic deformation gene- 
rates the HY2» modes in which the HY;, is 
the most important one. It is very compli- 
cated to consider the problems of the bend 
and the deformation at the same time, when 
the guide axis is assumed to be in the straight 
state, and the cross section is perfect circular 
at both ends and elliptic at the center, and 
the ellipticity varies continuously from one 
~end.to the other. The dimension of such 
waveguide is written as; 


Fig. 12—Elliptical deformed part at the center 
of the waveguide. 


nig, Ee ces 2¢( 1+cos a (7. 42) 0.25 —0.3 

g : ot ANT Fe 
At the center part, 8 0.15 | 01 2 
a. 02 —0.05 8 
MAXIMUM DIAMETER S 8 
oes u a 
—MINIMUM DIAMETER=4n. (7.43) = Bees 
% — 0.001 3 
The ellipticity e is obtained from 8 0.05 0.01 = 

ue 4— 0.05 

gah (7. 44) ~°13—s99-z00 360400505 B00 

os Lengtn /, m 
Fig.12 shows the elliptic deformation in Fig. 13—Mode conversion factor to the HY»; 
question. (7.36) and (7.42) enable us to under- mode in the helix waveledge deformed 
stand that the generating modes are only the by 40y diameter difference at the 
HYom, moreover S;* is zero, and c¢;* is center part. 


og ae il hy G ( 14 ) =i roreham ed 
t$— 477 Nome | Gam Jo Xoma 1 1+cos @ Alo] Fhemzdz, (Gie4d)) 
Cra eee Rro%2 ha Teva domJ2( )%o ae. / 


From (7.39), (7.42) and k:; in Table 6, in Fig. 13 shows the mode conversion factor 


case of kha=26.70, we get versus the length of the deformed waveguide 
for the case of »=10y, namely, a diameter 

qu =0.37 difference of 0.04mm. The amplitude of the 

Ae) conversion factor except z of the complex 

De le number and conversion loss in dB are read 


from the left and right ordinates respectively. 
The conversion maximum occurs for a / of 


Then, C2;* is calculated from the next equ- 
ation when the diameter is 51 mm long. 


ies ry es Che) 20 | SinCecor1— hor) U/2) 
C217 Se en ee dei J2( Rar) ; Ch TROIS 

1 cos(hpo1j— far) U/2) 5 1377 er la cos 0.0165/ ; Le (7. 47) 
Bo Gunn 2G ja sia t «0016S. = 2 (.0165/)*—-G/2)” Je 
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about 100m, and the conversion loss, which 
is proportional to the square of the diameter 
difference, is a little less than 0.3 dB. 
Different from the helix waveguide with 
lossless jacket, in case of the helix waveguide 
with lossy jacket, /; in (7.36) is a complex 
quantity. But the converted power can be 
obtained by a procedure similar to that for 
the lossless case. Substituting k; obtained 
from (7.39), q: obtained from (7.38) and (7.41) 
and the designated deformation 7\(¢, z), into 
(7.36), we can get the converted output. 
However, the converted output is not all the 
power that the incident TE ; has lost. To 
obtain the conversion entire loss, heat loss of 
the mode 7 due to the attenuation from the 
converting point to the output point must be 
added. Let @ be the attenuation constant for 
the mode z, namely —3n(A,). Taking into 
consideration that C* etc. are the amplitude 
of the converted power divided by eFz, the 
heat loss lost after the conversion is obtained 
provided the incident unit TE; power, 


we, 
\ Qa {|\Ct (z) e722 +|C- (z) e222 


-|S*(Z)?e-227 + |S- (2) e271 dz, (7. 48) 
where C*t(z) etc. are C* etc. in (7.36) in 
which the integration limit z is regarded as 
the variable. Finally, the mode conversion 
loss of the TE»; is calculated from the con- 
verted output and the heat loss of (7.48). 


8. Couplings between the Modes in 
Hybrid-Mode Waveguide Bends 


The TE); mode in the circular waveguide 
suffers serious loss due to mode conversion 
to the TM,; mode in bends. In general, each 
mode in the multi-mode waveguide is coupled 
with other modes in the bend. Several papars 
already have given the solutions to this 
problem,“ using the generalized telegra- 
phist’s equations derived by Schelkunoff.“'® 
Two of these papers discuss the problem in 
case the waveguide contains an inhomogene- 
ous dielectric.““ The Morgan analysis“ js 
suitable to solve the proble when the dielectric 
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constant is not much larger than ¢) anywhere 
in the guide. If (e—g)/¢) becomes so large 
that it cannot be ignored compared with 
unity, the accuracy of the calculation is not 
maintained even when 


ott by 
S re (8. 1) 


A \ Saree 
s 

where S means the cross section of the wave- 
guide. The Unger analysis“ is carried out 
for the two layer waveguide such as the 
helix waveguide, therefore it may apply to 
the case of the dielectric-coated waveguide. 
The calculation, which will be made hereafter, 
is very general, because the material constants 
are arbitrary; and is very convenient, because 
the integral region is limited within the innrr 
part of the waveguide. The electric and 
magnetic fields are expanded with the normal 
modes of the straight hybrid-mode waveguide, 
not with the plain waveguide, and the coup- 
lings among these normal modes are obtained. 

At first, the mode couplings in the bent 
waveguide containing an inhomogeneous 
dielectric will be calculated generally, then 
the result will be applied to the dielectric- 
coated waveguide. The mathematical treat- 
ment in section 2 will be utilized. 

For the bent waveguide, as shown in Fig. 
14, the center of the bending radius lies in 
the plane g=z, and, 


PR 


Center 
of bending 
| radius 


Fig. 14—Bent waveguide containing an 
inhomogeneous dielectric. 
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&3 a 1 +6, 

eae COS) 

1k (8. 2) 
cd ae 
0z Oz =, 
where 
a 

a <r (8. 3) 


is assumed. For the moment, general ortho- 
gonal curvilinear coordinates (u, v, z) are 
used. In case of the bent waveguide (2.18) 
becomes: 


Eo aa ies 
es az Pek 


=lopM, Xiz— J VCesEs); 
3 
(8. 4) 


=(6l, ~Le— al (é3H,) . 
3 


Of course, inhomogeneous terms in (2.18) are 
not needed. Equation (2.19) are valid except 


for the inhomogeneous terms. Namely, 
H, _ Ved: XE) 
loys 
(8. 5) 
ae ee Ch as te) 4 
LWE 


The electric and magnetic fields are expanded 
with the normal modes of the straight guide 
as (2.9) and (2.10). The transverse electric 
and magnetic field vectors e,; and h,; are the 
functions of wu and v, and are written as 
(2.11). The characteristic impedance is given 
by (2.13). Equations (2.14), (2.16) and (2.17) 
are also valid. Substituting (8.5) into (8.4), 
then, 


=“ as <B} x be = to peyH X iz ) 
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_ 1 gael xie 


1w € 


(8. 6) 
l A) t z s he t 


ae Vv €3V plz XE, 
. t <p ae 
lw L 


The upper part of (8.6) is multiplied by fu; 
xi. scalarly and integrated over the cross 
section of the waveguide. The lower part is 
multiplied by i.xe; scalarly and integrated 
over the same area as before. Then we get 


aye 
- av =io| ewer Leh Sis 


= valle Ve Hi a Lie xtds; 
€ 


(8. 7) 
i aial leis x Brie xends 
dz 
7 sil ae AE euds: 
0) L 
Now, from (2.11) we can easily get 
: é h;? 
hy xXi,= V7, —ViTi’ Xt, 
7) ky? 
(8. 8) 


iL x er5 = — V; T; x iz+ ai 
Lo 


where, of course ¢ and y are functions of z 
and v. The second terms of (8.7) are trans- 


formed, using the vector formula (2.23), as 
follows: 


EE US 


ee [\xer Toth xi +iod, (8.9) 


0) 


where 


(8. 10) 


pe \\v. Verh Xte rr yi dS. 


€ 


A456 


And, 


Hee x Ei “1, XeniAS 
L 


=— I [\nertiviex Bed + io, (8. 11) 


(Pe L {|v EVerks X rs iXE.dS. (8.12) 
L 


tw 


At the time of derivation of the above equ- 
ations, a perfect conductive wall was assumed, 
but these equations are also valid even when 
the wall has an impedance only if the im- 
pedance is a contant value for every mode. 
The varification of that fact may be done 
similarly to (7.19) and (7.20). Using (8.9) 
through (8.12), (8.7) are rewritten as: 


YQ +ihiZili(2) =D, +D», 
(8.13) 
an) +ihiYiVi2g=Ei+£, 
where 
De iol | Set x ihe XidS, | 
(8.14) 


B= il \Ssie< Bred x end. 


Now, the mode amplitudes are defined as 
(233): 
Vig@e ei) 
Aé@=—¥ 
(2) ZL a5 Vas (8. 15) 
Then, (8.13) are rewritten as: 
ae@ +inAt@=at), (816) 


where the double sign is taken in the same 
order. a;*(z) are defined as: 


ait(z) = D,+Dz2 


Be Bs 
VE 


aE ave CBr) 
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From (8.10), (8.12) and (8.14), we get 


e 
D,+D2,=—io ay 1\\B xi 
4] 


x (She x iz--V; EVis hii Vas, 
wre 


(8. 18) 
E,+k,=—to > villiexer 


x( Sei be XK eri pyeve bs ee Vas. 


Ot 


Substituting the relation derived from (8.15) 
into the mode voltages and currents in (8.18), 
and substituting the results into (8.17), then 


1) A;*t—A; : 
NN ge hij X te-( Eph: X tz 
Z Jz, 2/Z; ‘\\ . a (¢ a 


EVis MEN as & — 5 ay Pie 


ca i 2/Y; 


We 


x ili: x ece( Ect, Meu E EVI > 7 x “Vas. 
Ongas 
(8. 19) 
In the mode coupling equation 


a*Z@=1yastAst tay A), 
a vig 


| (8. 20) 
a @Q=-1y aA +a As), 
J 


the coupling coefficient between modes 7 and 
j cj* is obtained from the following calcu- 
lation: 


Cis ate 0 ZZ, [tea r<ée (Set 


EV h Xt, (0) 
aLAy. coh ti ‘) dS as 
a Vparyiyy 


x [iererr(Geoxer + BIEN" as 
wy 
(8. 21) 


This is the general formula for the mode 
couplings in a bent waveguide having an 
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inhomogeneous dielectric in it. The coupling 
between the TE,; and one of the other 
modes is especially important for the practical 


application. When the mode i is the TE), 
mode, 
Ging = se a \\te T; 
ES Zig sle 


2 
St ee V.T;’ wee 
0 


k J 


2 
{e402 Peon xi, dS 
0 


) 


@ 


ae ee VTE. / 
| WY Y; \\! ae 


Ve? P’t01) 


eee ton +V, my 5 las. 
C720 


(8. 22) 


The coupling coefficients between the TE; 
and one of the other modes in the bent die- 
lectric-coated waveguide can be derived from 
(8.22). The TEim and TM, modes have 
coupling with the TE); mode. In the plain 
waveguide the TM,, modes do not have 
the coupling with the TE); mode, and even 
in the case of the dielectric-coated waveguide 
the coupling coefficients between one of the 
TM,m and TE,; modes are in the order of 
6° at most. 

The most important mode in regard to the 
coupling with the TE), is the TM,; mode, 
which is calculated for the zeroth and first 
order terms of 6. The coupling coefficients 
between one of the TM;m and TE»; modes are 


VhoP ( €1, 


Clolldm)= == 
! ze ON Wan | & 


0 ky? 
=P Z I3+ Zs Ig+ 
i) £9 k 


where 


h=\| eV. TonV.PwnxidS ) 


pe 2 Rohan Chto + 


1 ; P 2 
» rcorls + %oporyLe— * itor Le —*2p017°Ls) : 
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(8. 24) 


h=\\ ev, Ta VT ns: 
V; arn x i,-V, CT’ (011) dS, 


“ =|\ ve T” (imy*Vi Gee cues 


and Jz, I4, Ig and Jy are the same-as. lj; I; 
I; and J; except that the integration regions 
are changed from regin 1 to region 2. (refer 
to Fig. 2) These integrals can be calculated 
using the formula in Shimizu’s paper.‘ 
Wher m=1, 2=00°); H=0(67) and = GG), 
the terms of 0(6°) is J; and the terms of 
O@) tare Jt ods> Tgvand J,5 Atter-a lone: 
calculation, we get 


kya ( As, 1 €o — €] 


¢e(01]01)* = ON 2 key R 


If we set 0=O, the above equation coincides 
with that of the plain waveguide. The mode 
coupling coefficient between the TE); and 
TM,;; modes is the little smaller than that of 
the plain waveguide. The coupling to the 
backward TM,, is zero so far as 0(0). 

We will now proceed to the problem of 
coupling between the TE); and the other 
modes in the helix waveguide. We have two 
sorts of helix waveguides, one of which is 
composed of closely would insulated were, 
covered with a glass fiber rainforced low loss 
region and inserted into a metal pipe; the 
other is composed of the same wire covered 
with lossy dielectric. The former is used for 


Vh¢otam { £1 er 2 IE 


bends, and the latter is used for mode filters. 
It is assumed that the inner material is air, 
the cross sectional shape is a circle, and the 
impedance is constant for all the modes. 
From (7.23), T functions of the helix wave- 
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guide are 


T= py Oe ne ng 
(8. 26) 


cos 
Li =Qila Git) —.-ne. 
—Ssin 


The characteristic equation (7.39) and the 
normalized orthogonality condition (7.41) are 


Reoviktimy°a 
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+ h; | NAC ai cae see ses vith} 
(8. 29) 


where the subscript 7 means 1m. 

Let the wall impedance be zero at first. 
The characteristic equation (7.39) has two 
kinds of solutions in case Z,=0. One of them, 
the solutions of /,/(k;)=0, is to determines 
the TE,, modes, at that time (8.29) becomes: 


— (him + hto13)”. (8. 30) 


ClO1L1m]* = 


also valid. 

If the bending radius center lies in the 
plane y=z in the helix waveguide bend, the 
modes which have coupling with the TEo: 
mode are only the HY;, which correspond 
upper parts in the double trigonometric sign 
of (8.26). Substitution, 7 to lm, in (8.22) 
enables us to obtain the coupling factors 
between the TE,; and one of the HY, modes 
as: 


V hoo? h;? 
2 — + VEL Lipp 
Cooly “Wh; ( AE hy? i) 
a pe Me ys 
+Vhconll B+ hg dn}, 
(8. 27) 
where 
ii =\lenr, ‘V,T’ 01) XidS, 
= (ev (Ty! -ViT’ tod, 
(8. 28) 
i =\\v T; XieViCET’ (01) dS, 


=| VT VET as. 


After the calculation we obtain 


Nas Rook; fe 


Goi = 
L013 W ORaCk; 2 — por?) J hporyh; R 


| hen M+ as jee | 


J 


J 2 kim? —1 kom? — Apo)? V hrojhtim) R 


q; in (8.29) is obtained from (7.41), but it 
has been already obtained in (3.30) if 0 is 
set to zero. The other kind of solution, that 
of J,(k;)=0, is to determine the TM,, modes 
(the coupling exists only when m=1), but 
at that time the following substitution is 
made, since q; is zero: 


; Si(R;) 


Seole 
a Ti! (Rj) oe9 


qj-> 


In case of the TMi, kpoy=k;, then (8.29) 
becomes infinite. But if k; is assumed to 
differ from kro; by a small amount, and the 
difference is brought to zero, then we obtain: 


anxun*= 4 RP | 
NW [01] (8. 39) 


Cro1jt117 = 0. 


Equation (8.30) is the coupling factor between 
the TE); and the TE,,, and (8.32) are factors 
between the TE), and TM,, modes which 
have been already obtained.“ After all, 
(8.29) is the general formula of the mode 
coupling in the bent waveguide having arbi- 
trary wall impedance. 

Table 7 shows qm values of the HYi. 
modes, calculated from (7.37), (7. 38), and the 
Pim values, for the cases where m is be 
and 3. k; values have already been shown 
in Table 6, in case that Z, is infinite and 
kvya= 26.70. 

The coupling coefficients for these three 
modes will be shown in the following equ- 
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ations, with the coupling coefficient for the 
TM;; mode in the plain bent waveguide: 


1 

C a 4, 50 , 
(01}11 R 

Cloin2* = —5. 69 u ; 
R 

(8. 33) 

1 

C *>=—4 32—, 
{0113 R 
eS il 

cola’ = 4.94 R° 
Table 7 


Pim AND Gim OF THE HELIX WAVEGUIDE 
IN CASE OF Z,=co AND k)a=26.70 


—— | : 
Se im dim 

eee 2 
1 | —0. 45 0. 45 
2 0. 38 0. 26 
3 | 0930 0. 30 


These values have been calculated for the 
case where knpa=26.70. The dimensions_ of 
these values are m’. These three modes 
play the leading part in the bent helix wave- 
guide instead of the TM;;, TE;, and TE,,; 


modes in the bent plain waveguide. 


9. Attenuation Increase for the TE); 
Mode due to Elliptical Distortion 
of the Helix Waveguide 


The helix waveguide is a necessary line 
element in the TE); mode transmission line 
of circular waveguide to absorb the unwanted 
modes converted at waveguide defects such 
as tilt or offset at a junction. It is also 
possible to construct all the lines with helix 
waveguides. If a geometrically perfect helix 
waveguide is deformed, the attenuation in- 
creases. If the cross section of the circular 


metal drawn waveguide is deformed to an 
ellipse, the attenuation increases, and the 
characteristic of the circular electric wave 
that the attenuation decreases monotonously 
with the frequency increase is lost, and an 
optimal frequency at which the attenuation 
becomes minimum exists.“ In case of the 
helix waveguide, an axial component of the 
wall current arises owing to the elliptical 
deformation, and to the axial current, and 
the impedance is much higher than that of 
the metal waveguide. Therefore, elliptical 
deformation seriously affecs the attenuation 
in the case of the helix waveguide. 


Fig. 15—Cross section of elliptic waveguide. 


The attenuation increase due to the ellipti- 
cal deformation of the helix waveguide is 
expanded in a power series of the ellipticity, 
and the lowest term only is calculated. T 
functions in elliptic waveguide are expanded 
in terms of those of the circular waveguide,‘” 
and the coefficient is obtained up to fourth 
power of the ellipticity. The boundary con- 
dition is prescribed by the wall impedance. 
Exactly speaking, the impedance for the mode 
in question must be known previously to be 
calculated by this method. But practically, 
the approximate impedance in (7.33) can be 
satisfactorily used neglecting the second term 
in the braces. Fig. 15 shows the elliptically 
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deformed cross section from the circle; the 
major axis is 2A and the minor axis is 2B. 
The mode vectors of such an elliptic wave- 
guide can be obtained from the following 
two scalar functions 7 and 7”, using the 
cylindrical coordinates (7, 9, 2): 


TO, 2) =p) XY +s8f24%r) sin 2pter ; 


T’ (7, 2) =VMo XN + 2n cos 20+" , 


The components of the electric and magnetic 
fields are written as follows, using the elliptic 
cylindrical coordinates and (2.11): 


oT oT’ 
ev=V@)( e,0u at et 
OIE @ APY 
OL Ne awe 
h? oT’ 
ae ko? €,0u 
(9. 2) 
IR! 
hy ae 
=1)( 5, e,0u ae ay 
hz=— Via)—*—T’, 
1W [Lg 
2 
=—I@)=*—T. 
LWEQ 


Before substituting (9.1), expressed by cir- 
cular cylindrical coordinates, into (9.2), ex- 
pressed by the elliptic cylindrical coordinates, 
the relation between both kinds of coordinates 
must be obtained. As shown in Fig. 15, let 
C be the distance between the original and 
focus points, e be ellipticity: and o; be the 
distance between the original point and the 
wall. Let the wall be at the elliptic coordi- 
nate w=wu, then we can get 
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n= Cee 


A= Cu 
B=€ V/ Uy?—1 > 
(9. 3) 
2 2 
g=tan™ CAC SAE - 
Uv 
35 u2—v 
a=Ca/ wl” 
u2—v2 
a=C,/ Lo ; 
P= 
The relations of the differentiation 
@ dr a a @ 
ou ou or dau do 
(9. 3) 


are also obtained. From the assumption that 
the peripheral lengths of the circle and ellipse 
in Fig. 15 are the same, 9; can be expanded 
in the power series of the ellipticity by cir- 
cular cyrindrical coordinates as: 


1 =a} 1 He cos 20 e 


1 LA 2 
+— cos 2p—— ett. 

fps 6 )“} 
(9.5) 


sh Ga cos 49 


The impedance for the wv direction electric 
field in the helix waveguide is much less 
than that for the z direction electric field, 
and only the attenuation increase by Z, is 
calculated. Therefore, the boundary conditions 
at the wall surface w=wy are 


ez — —Z hy, 
(9. 6) 
e=0: 


Using (9.2), these equations become: 
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dv edu 


To expand these equations in the power 
series of the ellipticity by the circular cylinder 
coordinates, the following quantities must be 
calculated: 


Or 


a et (- {0s 2+ \¢ 


1 1 3 
+(- as 4 Co82et 3 et 


0g 
Ou 


=e(5 — A sin 20, 
u=uo 2 


Gs = ae(1 + 4 é cos Q, 


ov 


u=uo 


0g 
Ov 


= | Sue (0s 20 +7, Jetcosec Q. 


(9. 8) 
Using (9.4), (9.7) becomes: 


iam eo wile or 


moe oT ay 
Zeige, Or Ou 


Op Ou 


ne if pL” ar 


€2 Ry? “Or Ov 


OL ~\= 0 
dp Ov : 


if See or 


Aas) 
Or oe 


do av 
— Ee ye 2) 
dr Ou ag Ou 
(9.9) 


And, the separation constant y is expanded 
in a power series of the ellipticity as: 


X=%A+i@+ pe). (9. 10) 
where %, is the first root except zero of 


Jo’ hoa) ==(()} 9. 1) 
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In this section, 2 and yw are not the wave- 
length and the permeability respectively. To 
obtain the expansion of the Bessel functions 


required for the calculation of the boundary 
condition, we set 


%o,=%,a(1 +6) (9. 12) 


where 


o=(2+ ; cos 29 e+ {(n— i 


Avec 
=ale + 3 )cos2e+ 


3 4 
5, 008 dye (9.13) 


In (9.9), the partial derivatives of T and T’ 
by r and ¢ have the Bessel functions, which 
can be expanded with 6 in (9.13). The co- 
efficients ~p, g, s, and ¢ of T and T” functions 
in (9.1) are expanded with the ellipticity, ex- 
cept q, as: 


p=pe+poet+ eecccccce : 


S=s,e?+s,e¢+ cccccccee ; (9. 14) 


t=t,@+tet+ 


The metrical coefficients e, and e : are ex- 
pressed as functions of the ellipticity as: 


1 ae 9 rail! os e 

2 C /u?—v +7 (1 >) 

i C Ju? —v? +{1+( i ab ioe 29 Jélsin Q,; 
2 , 4 4 


C s/ug veal 1 c0820e). 


OMS») 
The expansion for h is 
he X92 
=1—“* (14222). 
imate (9. 16) 


Using the above equations, the first equation 
of (9.9) is expanded as: 
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where where 
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In (9.17) the terms of the same order of the +ts) cos 2 tteai{ 1-53 : Jeos 20 
ellipticity are picked up, and in these terms om 
the constant terms in regard to ¢ and sin 2o 1 6 
terms are set equal to zero, then we get — pita lz ) cos*2e | 
0 
pi=0, (GEA) 
oe 9.19 
Lea r8 (9.19) The terms of O(e*) in (9.20) are picked up, 
(2+ an: ds (1 ne \a=0, and in these terms the constant terms in 
: regard to @ and cos 2g terms are set equal 
Next, from the second equation of (9.9), we to zero respectively, tical ewes Opiis 


obtain 


Loree! ‘ : 
ey tes 20 el sing 2s, sin 29 cos 2p e+ (—2s: cos20e + Eye) 
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From (9.19) and (9.22), we get 


_ Ue —kea? 
(ima : 
ees, 
a(? Ye ) 
(9. 23) 
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From the term of O(e*) in (9.21), we get 


to phy a 


Z (Xo? a? +3) —6% 9? —2Ro? Xo? a? 


p= 


(9. 24) 


Let h of the circular waveguide be ho, then 
there exist the following relations: 


hy =k, —%", 


4 Qh? wet 
ne =hi(1— ee) | 


If the ellipticity is so small that |27%o°pe* Kh’) 
then the attenuation constant is 


(9.25) 


2 
a=" Spe. (9. 26) 
0 


Let the wall impedance be Z,=R+iX, then 
we obtain 


4 
AS 
Z 
x a Ok AR? 5 (Qh 
( Rta (ko Ca)* 


where 


and f is the frequency, and f. is the cutoff 
frequency of the TE); mode in the wave- 
guide before it suffers deformation. 

Let f=50Ge/s and 24a=51 mm, then 
k)Sa=10070, and the fractional term in (9.27) 
is almost equal to 1, and if it is assumed to 
be exactly 1 (9.27) coincides with Oguchi’s 
result. The attenuation increase by the 
elliptic deformation of the helix waveguide 
is 

a=(). 048 Re*=416 Re* dB/km. (9. 29) 
In the case where R=150 ohms and the dit- 
ference between the maximum and minimum 


diameters is 33.4 y, the attenuation increase 
is 10 %. 


10. Conclusion 


It is considered that the future TE,; wave 
long distance transmission line will be con- 
structed not only of drawn copper pipes, but 
also of dielectric-coated and helix waveguides. 
The latter two are general hybrid-mode wave- 
guides, and the relations between the several 
modes in the hybrid-mode waveguides, es- 
pecially, the coupling and the conversion at 
geometrical imperfections or in the bends 
have been discussed. The mode vectors and 
the radiation in the waveguide due to the 
distributed electric and magnetic currents are 
obtained in the form of the normal hybrid- 
modes expression. As applications of this 
principle, the mode conversion due to the 
irregularity of the dielectric layer in the di- 
electric-coated waveguide, and due to the 
waveguide wall deformations, and the mode 
couplings in bent waveguides are calculated 
in terms of the relations between the normal 
hybrid-modes. 

In waveguides having the impedance wall, 
if the wall impedance is assumed to be a 
constant value for every mode, the method 
developed above is appricable to the mode 
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coupling problems. The mode conversion 
factors. between the LE and one of ‘the 
HY,m modes are obtained at an arbitrary 
wall impedance, and these results generalize 
the usual coupling formulae of the plain 
waveguide. The attenuation increase due to 
the elliptical deformation of the helix wave- 
guide is also obtained using the hybrid-mode 
vector expressions. 
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Mode Exciters in Circular Waveguides’ 


Ken-ichi NODAt 


For the purpose of obtaining various modes in circular waveguides, new type exciters 
have been developed. If rectangular and circular waveguides are closely placed on both 
sides of a common wall, and the dimensions of the resonant irises located on the wall 
and their positions are chosen properly, it is possible to convert the incident wave from 
the rectangular waveguide into only the designated mode in the circular waveguide. At 
the same time, if the heat loss is negligible, it is possible to make the junction reflectionless 
with respect to the terminals of both waveguides, and to realize ideal conversion. 

In the low-loss transmission by the TE, mode, undesired mode conversions into the TE, 
TMi, TE 2, TEx, modes, etc. are a serious problem; therefore it is necessary to obtain 
these pure modes to study the characteristics of the undesired converted modes. In connec- 
tion with these modes, exciters have been successfully made. They are of simple constrution 
and reflectionless, having high transformation efficiency and high mode purity. By a thermo- 
chemical method, the output electric field distributions have been made visible and good 


images have bzen obtained by taking their photographs. 


1. Introduction 


There are many methods of exciting a 
specified mode in a multi-mode circular wave- 
guide. The coupled-wave transducer which 
was developed by Miller is one of them.‘” 
Rectangular and circular waveguides are 
placed adjacent to each other on both sides 
of a common wall, making both guide axis 
directions coincide; and many irises are located 
in this wall. This structure is very broadband 
and reflectionless, and has a function of a 
directional coupler. However when large 
magnitude of coupling is desired, especially 
when the total electric power in the rectangu- 
lar waveguide must be transformed to a 
specified mode in the circular waveguide, the 
number of coupling irises usally increases, 
and consequently, the length of the coupler 
also increases. In order to make the phase 
constants of both the waveguides equal, the 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, May 21, 1960. Originally published 
in the Kenkyt Zituy6ka Hokoku (Electrical Communt- 
cation Techinical Journal), N.T.T., Vol. 9, No.9, pp. 
1065-1075, 1960. 
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dimensions must be kept within extremely 
strict tolerances, and special attention is nece- 
ssary in the process of fabricating, especially 
to processes such as soldering. It is not 
easy to minimize the insertion loss. 

In addition to the coupled transmission line 
type, several other mode exciters have been 
obtained already. The taper from rectangular 
to circular waveguide for the purpose of ro- 
tational resistance attenuator, gyrator etc. is 
the simplest TE;, mode exciter and has ex- 
tremely wide band characteristics, A TMo, 
mode exciter has already been developed to 
be used for the antenna feeder of a radar 
and a design has been given for the 24 Gc/s 
band.“ The TE); mode exciter has been 
also well studied in order to be used for the 
lowloss transmission by the circular wave- 
guide; in addition to the above coupled 
transmission line type, taper type,‘ reso- 
nant iris type,“ center-excited type,‘ etc. 
have been reported. 

In the exciters described in this paper, 
resonant irises are utilized, and they are very 
light in weight. Moreover, the dimension 
accuracy is not strict, and the electroforming 
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method can be applied, then the insertion 
loss can be made small and the price is low. 
The only defect is that frequency character- 
istics can not be extremely wide band, though 
they are wide enough for most practical pur- 
poses. 


2. Design and Adjustment Procedures 


The characteristics required in good mode 
exciters are as follows: mode transformation 
efficiency should be good; mode impurity 
should be small; reflection should be small; 
frequency characteristics should be broadband ; 
etc. The design and adjustment must proceed 
in the following order: as the first step, the 
dimensions of the circular waveguide are 
chosen so that modes higher than the re- 
quired mode can not propagate; secondly in 
order to prevent other modes from appearing, 
the directions of the slots are chosen ; thirdly, 
in order to generate the required mode, the 
relative positions of rectangular and circular 
waveguides are selected; fourthly, in order to 
get good impedance matching seen from the 
rectangular side at the required frequency, 
the sizes of the slots are adjusted; fifthly, 
if the impure mode are found to be too much, 
the sizes of the slots are readjusted to get 
the impure mode as small as possible. At 
this moment, impedance matching is checked 
again whether it is within certain magnitude. 
In this manner, after repeating many tedious 
experiments the required mode exciter may 
be perfected. 

There are various measuring instruments 
and methods to investigate the characteristics 
of the exciter experimentally. A standing- 
wave detector may be used for the matching 
of input impedance or for measuring, S-matrix 
elements of the exciter by Storer’s method.“ 
Available mode exciters and coupled _trans- 
mission line type mode couplers whose 
characteristics are known, and mode exciters 
developed by the method explained in this 
paper, will be useful in various measurements 
when new mode exciters are to be manufac- 
tured. The interior field distribution measuring 
instrument by a probe or slot is used to 
measure the contents of the impure modes. 
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Though strictly quantitative measurement is 
not possible, there is a method of making 
the electric field distribution visible by use of 
paper soaked with cobalt chlorite solution.‘” 

Circular waveguides for low-loss transmis- 
sion have diameters of approximately 51 mm 
when the frequency is in the 50 Ge/s band. 
But at terminal stations; in cases of channel 
branching filters, power observation, or mode 
separation ; this diameter is too large because 
of technical difficulties ; thus, smaller diameters 
are used, and when necessary, connection is 
made to the part of larger diameter with 
taper waveguides. The mode exciters discus- 
sed in this paper are for the 24 Gc/s band, 
and in this frequency band the diameter 
22.2mm is standard in our laboratory. In 
cases when mode exciters have output diame- 
ters smaller than this, a taper part is attached 
to match the output diameter of the exciters. 


3. TM; Mode Exciter 


As TM); mode exciters are used in radar 
antenna systems, they have been widely 
studied, and so those with good characteristics 
are now available. This exciter can also 
be used as the field distribution measuring 
instrument for other mode exciters. 

The structure of this exciter is shown in 
Fig. 1. The output diameter is 22.2 mm but 
the diameter which has been transformed 
from the rectangular to the circular TMo; is 
11.8mm, and in case of 24 Gc/s, only the 
TE; and TMo: modes can propagate. Ap- 
proximately at 24.72GC, the TE; mode, 
which has the next higher cutoff frequency 
becomes able to propagate. Consequently, if 
there is any unwanted mode, it is the TE,, 
mode only. Of the output field of this exciter 
y direction distribution of magnetic field, He 
has been measured in a_ plane perpendicular 
to the axis, and the result is shown in the 
lower part of Fig. 1. If there is no impurity 
mode, we will have perfect circle in the 
figure, but actually some distortion is found. 
If this is due only to the mixed TE,, mode 
a simpler pattern should have been obtained. 
Other modes which are produced from taper 
part, imperfection of the revolving mechanism 
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Fig. 1—The structure and measured H, of the 
TMo: mode exciter. The amplitude is 
proportional to the magnetic field 
strength. The frequency is 24 Gc/s. 


of the field distridution measuring instrument, 
and imperfect contact are the causes of the 
complex pattern, it is believed. 

In order to investigate the composition of 
the TE,, mode, the distribution of the axial 
components of the magnetic field H, is 
measured. If there is pure TM); mode only, 
nothing can be obtained by measuring H.. 
Now, it is supposed that the impure mode is 
the TE,, mode only. AH, of the output is 
measured with field distribution measuring 
instrument which is placed in front of the 
reflectionless termination. If the H, distribution 
is measured when the same electric power 
was injected through the TE,; exciter, and 
compared with that of the TM; mode exciter 
output, then the AH, of the TE,,; component 
included as impure mode can be obtained. 
The solid line of Fig. 2 is the measured 
result of the ¢ direction distribution of H. of 
the TE,, mode exciter, and it is fairly sym- 
metric. The dotted line of the same figure 


is the measured H, of the TM), mode exciter 
output. The output difference between the 
tow results is about 20.5 dB, and because the 
TE;, mode component ratio is exceedingly 
small, and as will be explained later, the in- 
sertion loss of the TM, exciter was also very 
small; then this value is the TE,, contents 
ratio. In receiving with the TE,, excitor the 
TMo: exciter output through a fixed buffer 
attenuator, an output of —22dB was ob- 
tained. This coincides with the result obtained 
from the field distribution with the error of 
1.5dB. This fixed attenuator consists of a 
waveguid filled with lossy dielectric, and as 
the dielectric a wall construction material 
called Misasaboard, was used. 


S 
9 
sf 
foo) 
oO 
© (e) 
N 
oO 
e| : 
N 
\ = 
co) HO 
OF Bs 
aN 
fans 
fo) NN 
9S 


6 
Oe er gel Ole = 


Fig. 2—The measured H, ¢ direction distri- 
bution of the TMo: (dotted line) and 
TE, (solid line) mode exciters. 0 dB 
of the dotted line is under 20.5 dB 
from the 0dB of the solid line. The 
frequency is 24 Gc/s. 


Now, a method of measuring the field dis- 
tribution of other exciters using a TMo; ex- 
citer will be shown. As shown at the upper 
part of Fig. 3, klystron output in the rectan- 
gular waveguide is transformed into the TMo: 
mode in the circular waveguide by means of 
No. 1 exciter, it is again transformed back to 
the rectangular waveguide by means of No. 2 
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of the output amplitude when No.2 excitor 
is rotated, and the maximum change was 
only 0.1dB. When a mode filter which ab- 
sorbs the TE,, mode is inserted between two 
TM,; exciters, it is believed that this change 
becomes smaller. A filter that passes all the 
TM modes and absorbs all the TE modes 
can easily be made by allocating axial direc- 
tion slots in the wall of the waveguide. 

In regard to the insertion loss of the TMo: 
mode exciter, measurement was done by 
Storer’s method but it was found that the 
loss was so small that this measurement was 
not suitable. 

The frequency characteristics of the input 
impedance will be given later in comparison 
with other mode exciters. 


Rotating part under test exciter 


4. TE.; Mode Exciter 


_ As shown in the upper part of Fig. 4, the 
TE;, mode exciter consists of rectangular 


Fig. 3—The field analyser using the TMo: 
mode exciters, and its rotating 
characteristic. The frequency is 24 


Gc/s. 
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exciter, and then it is fed to the exciter under 
test. An arrangement is made between No. 1 
and No. 2 exciters so that they can rotate 
around the same central axis, and similar 
arrangement is made between the exciter 
under test and its adjacent circular waveguide; 
so if No. 2 TMo, exciter and the exciter under 
test are rotated at the same time, the field 
distribution measuring instrument does not 
have to rotate. Consequently, in order to 
measure the amplitude and phase of the out- 
put, it is very easy to make a balancing net- Distance, rom thes Cs ophay oO hea othe sias 
work between standard and picked up signals. 
In order to make such a measuring method 
possible, it is necessary that the output am- d . ; 
plitude and phase of No. 2 are not changed % jens me wee 
by the rotation of the rotating part. The aah cece ae - eae ee 
lower part of Fig.3 is the measured result 24G Mig 
c/s. 


Voltage Standing Wave Ratio 


Fig. 4—The structure of the TEs; mode exciter 
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and circular waveguides. The former has 
a bifurcating plate in the direction perpendicu- 
lar to the electric field, and the latter is coup- 
led with the former through resonant irises. 
The resonant irises consist of four holes as 
shown on the right side of the same figure, 
and the positions of the centers are located 
in such a way that the distance between two 
of them along the rectangular guide axis 
direction is half of the guide wavelength in 
the rectangular waveguide. Then, the mag- 
netic field which excites the two slots on 
the side near the entrance of the rectangular 
waveguide and. the magnetic field which 
excites the two slots on the side far from 
the entrance have equal amplitudes in anti- 
phase; therefore they coincide with the 
magnetic field distribution of the TE:, mode, 
and close coupling may be obtained: 

Since the diameter of the circuler wave- 
guide is selected to cut off modes higher 
than the TE; mode, pure TE:,; mode can 
be obtained unless the TE,, and TM), modes 
are generated. An individual iris generates 
these unwanted modes. But since these modes 
generated by four irises cancel out one an- 
other, only the wanted mode is obtained. 

It will be clearly shown that the TM, 
mode which is generated by a certain coup- 
ling iris and the TMy; mode generated by 
the iris at the symmetrical position against 
the bifurcating plate cancel each other. TE,, 
modes generated by the coupling irises at 
two positions which are points symmetric 
with respect to the axis of circular waveguide 
cancel each other. 

But the above covers only the explanation 
of the principle, and there are many causes 
for generating unwanted modes. The above 
explanations are not accurate because of the 
fact that the two groups of coupling irises 
at the separation of half guide wavelength 
on axis of rectangular waveguide excite anti- 
phase and equal amplitudes in the circular 
waveguide. If the coupling iris can be repre- 
sented as an epuivalent lumped admittance 
which is in parallel with the rectangular 
waveguide line, current with epual amplitude 
and anti-phase flows always through the two 
admittances connected at a distance of one 
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half guide wavelength. But in fact, the cou- 
pling iris can not be represented by a lumped 
admittance, because its length in the axial 
direction can not be neglected in comparison 
with the guide wavelength. Consequently, 
comparison between the iris near the input 
of the rectangular waveguide and that on the 
far side shows a differrence in excitation 
strengths and a phase lag of 180°. 

The slot excitation caused by the magnetic 
field component along the length is the 
strongest, but excitation caused by the mag- 
netic field component along the slot width 
also exists. Also, if there is an electric field 
perpendicular to the wall having resonant 
irises, coupling will occur. As has been said 
above, by various causes, a small amount of 
impure modes which in principle should not oc- 
cur are generated. In order to decrease impure 
modes in every mode exciter, it is necessary 
to study concrete means for each case. 
Though some insertion loss is unavoidable, 
it is possible to purify the mode by attaching 
absorbing type mode filters taking advantage 
of the specific property of the mode. 

The next process is choosing the dimensions 
so as to make the input impedance matching 
as nearly perfect as possible. The lower part 
of Fig. 4 shows the voltage standing wave 
ratio seen from the rectangular guide as a 
function of L and / when the circular wave- 
guide is terminated with a reflectionless termi- 
nation. L is the distance between the axis of 
the circular waveguide and the short circuit 
plate, and J is the length of the slot. With 
these dimensions, a suitable combination of L 
and J by which input impedance was matched 
could not be found; but by attaching a 
matching’ ring in the circular waveguide as 
shown in Fig. 4, good matching could be 
obtained. When the ring shape metal is in- 
serted, electric and magnetic fields are of 
course disturbed, but as the TE,, and TMo; 
modes are not newly generated, it is correct 
to think of it is a mere impedance element. 
The frequency characteristics of the input 
impedance will be shown later. 

The measurement is shown, in Fig.5, of 
© direction distribution of H, and H, of the 
output of the TE:; exciter matched in the 
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Fig. 5—Measured H, and H, ¢ direction distri- 
bution. The amplitude is proportional 
to the magnetic field strength. The 
frequency is 24 Gc/s. 


manner described above. The values are re- 
lative amplitudes, proportional to magnetic 
field strength. Though the shape is slightly 
distorted, H. is proportional to cos 2g and 
H, is proportional to sin 2y. The method of 
measuring the the impure mode contents did 
not depend on analysis of the measured result 
of these field distribution, but it was done 
by means of utilizing the TE,, and TMo 
modes exciters which had been already ob- 
tained. However, it must be considered when 
the contents percentage of the TMy; mode 
is measured with the TM); mode exciter, it 
recelves, even not sensitive, the TE,;, mode 
if any, and it creates the cause of error. But 
as denoted in Fig. 6, the contents percentages 
of the two modes differ only by few dB, and 
the sensitivity for impure mode of the TM, 
exciter is worse than sensitivity for the TMo, 
mode by 20 dB; for these reasons, it may be 
neglected as the measuring error. 


5. TMi; Mode Exciter 


The structure of the TM;, mode exciter 
is shown in the upper part of Fig. 7, three 
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Fig. 6—Measured impure mode contents in 
the TE2; mode exciter output. 
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Fig. 7—The structure and measured H, ¢ di- 
rection distribntion. The amplitude is 
relative value proportional to the mag- 
netic field strength. The frequency is 
24 Gc/s. 
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slots are placed on the wall of the longer 
side of the rectangular waveguide which is 
connected with the circular waveguide. Since 
the distance between the two adjacent slots 
is half the guide wavelength in the rectangular 
guide, the two (same dimensions) on both 
ends excite the wave with the same phase 
and the same amplitude, and the one at the 
center excites anti-phase. Since such a phase 
relation agrees with the phase relation of the 
transverse tangential magnetic field com- 
ponent of the TM;; mode at the positions of 
the three slots, it is convenient to excite the 
TM; mode. Now, let us investigate whether 
three such slots generate other modes or not. 
The diameter d\(=16mm) in Fig.7 is de- 
signed to cut off higher order modes than 
the TM,, mode. The central slot does not 
excite the TM), mode, and the TM,; mode 
excited by the slots on both ends cancel 
each other because of anti-phase and equal 
amplitudes. In regard to the TE.,; mode the 
mechanism is similar to that of the TMo, 
mode and so the explanation is identical. 
Regarding to the TE:; mode, the tangential 
component of magnetic field has only H,, 
and it is clear that these slots do not excite 
H,, and thus no question arises. At last, 
the TE,,;.mode only remains. In regard to 
this mode, the TE,,; mode excited by the 
slots of both ends combines with each other 
in the same phase; the TE,, generated by 
the central slot is anti-phase with respect to 
those waves, and in order to make the total 
into zero, we must search for the correct 
relation between the dimensions of /, of both 
end slots and the dimension /. of the central 
slot. From the standpoint of impedance, we 
must obtain a good combination by adjusting 
the ditance L from the axis of the circular 
waveguide to the rectangular guide short 
circuit plate; also /; and /,. Moreover, if there 
are many combinations which fulfil all these 
requirements, the one with the besf broad- 
band characteristic is of course the best. 
When the circular guide is reflectionless, 
and the piston of the rectangular guide is 
moved, the impedance locus becomes a circle 
on a Smith chart. In case the dimension of 
d> (Fig.7) is the same as d, (16mm), this 
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circle becomes one rotating about the center 
of the Smith chart and the voltage standing 
wave ratio can not be reduced to less than 
1.8 for any combinations of J; and |,. 

When d, is 18mm long and the length 
of its part is nearly 3mm, the impedance 
locus passes through the center of the Smith 
chart. 

In order to make the TE,, mode contents 
extremely small at matching conditions, vari- 
ous combinations of /; and J. were sought; 
but it was found that the TE,, mode was 
largest among the impure modes in all cases. 
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Fig. 8—Measured impure mode contents in 
the TM,; mode exciter output. 


The result of measurement at that time of 
H, circumferential direction distribution is 
shown in the lower part of Fig.7. Impure 
mode contents ratio of the TM,,; mode exciter 
is shown in Fig. 8. In general, a mode filter 
which does not give any loss to all the TM 
modes, and gives high loss to all the TE 
modes can easily be made by the following 
method: many long slots are made in the 
circular guide wall in the axial direction, then 
suitable absorbing material is placed on the 
outside of the slots. Consequently, speaking 
from impurity point of view, it is not hard 
to get lower TE,; mode contents ratio by 
means of a mode filter. 

Impedance frequency characteristics and 
field distribution will be shown later. 
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6. TE;, Mode Exciter 


The structure of this exciter is shown on 
upper part of Fig.9, and its ‘operation is 
similar to that of the TE2,; mode exciter and 
therefore details will be omitted. As there 
may be many impure modes, it is difficult to 
get the mode of high purity. Among impure 
modes, the TE;,; mode content is the highest, 
and it occupies approximately 9 per cent of 
all output power. The TM,; mode is the 
next having 2.4 per cent, and other ones are 
the TMy; 0.5 per cent, the TE; 0.2 per 
cent and the TE;,. Though many impure 
modes are implied, field distribution was 
comparatively fine. On the lower part of Fig. 
9, measured circumferential direction distri- 
bution of H, is shown. 
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Fig. 9—The structure of the TE3; mode exciter 
and H, @ direction distribution. The 
amplitude is the relative value propor- 
tional to the magnetic field strength. 
The frequency is 24 Ge/s. 
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The purity of this mode can be raised 
easily by a mode filter. Six radial resistive 
cards held at equal angles in a polyfoam 
cylinder can absorb most modes except the 
TE,,;. A comparison of H, circumferential 
distribution of the exciter output in two cases, 
one with a filter present, the other without 
a filter, is shown in Fig. 10. The input voltage 
standing wave ratio and field distribution 
aspect will be shown later. 
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Fig. 10—Measured H, ¢ direction distribution 
of the TEs; mode exciter. The solid 
curve is measured without the mode 
filter, and the dotted curve is mea- 
sured with the mode filter. The 
amplitude is the relative value propor- 
tional to the magnetic field strength. 
The frequency is 24 Gc/s, 


This exciter did not show _ satisfactory 
characteristics in respect to impure mode; it 
is believed that more pure mode can be ob- 
tained if the ring shape waveguide is adopted 
in the design, the same as TE,,; mode exciter 
as shown later. 

The insertion loss of this exciter was ap- 
proximately 2.9dB when the mode filter was 
used at 24 Gc/s. 
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7. TEs; Mode Exciter 


This exciter is constructed as shown on 
the upper part of Fig.11. On the opposite 
side of the ring type waveguide, two rec- 
tangular waveguides are connected. One of 
them is used for the purpose of matching by 
making a short circuit at a suitable position, 
and the other is used as input waveguide. 
The ring type waveguide is connected to the 
circular waveguide by eight slots on the side 
wall. The distances between adjacent slots 
are one half of the guide wavelength. 
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Fig. 11—The structure of the TEs, mode ex- 
citer and the measured H; ¢ direction 
distribution at 24Gc/s. The ampli- 
tude is the relative value proportion- 
al to the magnetic field strength. 


When the slots are closed and the outer 
diameter of the ring type waveguide is 22.2 
mm, the input standing wave ratio is 2.17 in 
case the inner diameter is 16mm; it is 1.79 
in case of 17 mm; it is 1.5 in case of 18 mm, 
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at the frequency of 24Gc/s. It looks that 
the bigger the inner diameter the better it is. 
But if the space between the outer and inner 
diameters is too narrow, a portion of the slot 
will be hidden, so the inner diameter of 
18mm has been decided. The measured 
circumferential direction distribution of H, is 
pretty and has a shape of petal, as shown 
on the lower part of Fig. 11, but H, pattern 
is not so pretty as shown in Fig. 12; the 
TE:; mode seems to be mixed in it. 
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Fig. 12—Measured H, ¢ direction distribution 
at 24Gc/s. The amplitude is the 
relative value proportional to the mag- 
netic field strength. 


H. at the guide wall of higher order mode 
is, in general, much stronger than that of 
lower order; for this reason, H, pattern is 
not much disturbed if lower mode is mixed 
to some extent. Even if this is taken into 
consideration, the fact that H, pattern is 
pretty and field distribution pattern photo- 
graph is very clear as will be shown later, 
makes us believe that the mode purity is 
very high. The impedance frequency charac- 
teristics will be shown latter. 
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8. TE, Mode Exciter 


This mode is a very important one for 
low-loss waveguide transmission because it is 
liable to be generated at a tilt or an offset of 
a junction. Consequently, when experimental 
study about low-loss transmission is intended, 
an exciter of this mode is indispensable. 

This exciter has a structure as shown in 
Fig. 13. The side wall of the rectangular 
waveguide is connected with the circular 
guide by the common plate on which three 
resonant slots are located at a distance of 
one half of the guide wavelength. The most 
important question sbout this exciter is the 
matter of the TE;; mode. The TE,;, TMi 
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Fig. 13—The structures of the TE, mode ex- 
citer and the mode filter for the TE,» 
mode and the measured H, ¢ direction 
distribution at 24Gc/s. The solid 
curve is measured without the mode 
filter, and the dotted curve is measured 
with it. The amplitude is the relative 
value proportional to the magnetic 
field strength. 
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etc. do not come up to a high value for the 
reason that excitation of the slot at the center 
and excitation of slots at both extremeties 
are anti-phase and cancel each other. The 
dimensions of the slots at both ends are the 
same, and the combination of the dimensions 
of these slots and that at the center should 
be decided experimentally with the purpose 
of making the contents of the TE,; and 
TM,; modes and the reflection minimum at 
the same time. 

There are no ways, in principle, to pre- 
vent the TE;, mode from appearing. How- 
ever, as the efficiency of excitation for the 
TE;, mode is low, its amplitude is low. 

A mode filter containing four pieces of 
radial resistive sheets attenuates the impure 
modes selectively, while this permits the TE;», 
mode to pass without considerable additional 
attenuation. The solid line of Fig.13 is 
measured for ¢ direction distribution of H, 
of the output when the mode filter is not 
used, and the mode, if pure, ought to have 
the shape of a horizontal “8” but actually it 
projects out in the vicinities of 30°, 150°, 
210° and 330°; on the contrary, it is convex 
in the vicinity of 90° and 270°, and has the 
shape of butterfly wings. When the same 
measurement is done at half the distance of 
the beat wavelength between the TE,. and 
TE;, modes in the zg direction, it projects 
out at the positions of 90° and 270°. Ap- 
parently the TE;; mode is superposed. By 
inserting the mode filter as shown at the 
upper right corner of Fig. 13, the field distri- 
bution has changed as the dotted line. It is 
clear that the mode has been purified, though 
not perfectly. The frequency characteristics 
of the impedance will be discussed later. 


9. TM.; and TM); Mode Exciters 


The standard circular waveguide with a 
diameter of 22.2 mm allows ten modes propa- 
gate at a frequency of 24 Gc/s. Among them 
the TMs, and TMys modes are not very 
important and at the same time it is hard to 
excite these modes with high purities. The 
only structures of the exciters made experi- 
mentally are shown in Fig.14. In case of 
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such difficult modes, extreme efforts for pre- 
venting the appearance of other modes are 
not made, but the desired mode output is 
experimentally adjusted to be as high as 
possible.’ There is no other meaus than to 
purify the modes by using a mode filter. In 
this meaning, in the case of TM modes, there 
is a filter as explained before which absorbs 
all TE, and thus it is advantageous. Moreover, 
in case of TMos, it is possible in principle, 
to make a perfect mode filter by inserting 
concentric cylindrical resistive sheets into the 
waveguide. 


10. Impedance and Field Distribution 
Photographs 


Fig. 15 shows the input voltage standing 
wave ratio frequency characteristics of each 
exciter. The TE); mode exciter characteristics 
already published®® for comparison are also 
shown. If cobalt chlorite impregnated paper 
is inserted into the exciter output waveguide 
in front of a reflectionless termination perpen- 
dicular to guide axis, and, further, output 
power of the magnetron is incident, it is 
possible to take photographs of field distri- 
bution pattern,“? Only strong portion of 
tangential electric field is heated and dried. 
Therefore, the color changes to blue, whereas 
the color of the portion not dried remains in 
light pink. Fig.16 shows photographs of 
output field distribution patterns of exciters 
of each of the modes, TE,;, TEs:, TEo:, 
TMi, IDG and TE qo: 


Conclusion 


Resonant iris type exciters have been de- 
veloped for several kinds of modes. The 
resonant iris type mode exciter has advantages 
of being small in size and weight, but, it 
has the defect that its frequency character- 
istics are narrow. In regard to the mode 
purity and frequency characteristics, by re- 
peating many experiments, it is possible to 
find suitable size and good construction; and 
farther improvement is expected on the in- 
sertion loss by application of electroforming 
in the course of production. 
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Fig. 14—The structures of TMs; (upper part) 
and TMo: (lower part) mode exciters. 
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Fig. 15—The frequency characteristics of the 
voltage standing wave ratio of the 
mode exciters. 
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The Design of a New Telephone Receiver’ 


Kenro MASUZAWA}{ and Kiyoshi TAJIMAt 


The specific response of a receiver is formulated in terms of parameters suitable for 
design purposes, and general considerations are given to increase the response. A simulator 
is useful to determine each element in the equivalent circuit so that the required Sfrequen- 


cy response may be obtained. 


Non-linear displacement, leakage path performance, stability factor, etc. of a formed 


vibrating diaphragm are analyzed. 


The receiver newly designed according to these methods is remarkably improved in per- 


formance and in simplicity of manufacture. 


1. Introduction 


In 1950 the No. 4 telephone set presently 
used in Japan was first announced. However, 
during the last ten years, the manufacturing 
techniques in Japan have progressed greatly. 
In addition, it has become necessary to pro- 
duce a new telephone set with better per- 
formance in order to be able to use small 
gauge local cable. 

For these reasons the development of a 
new telephone receiver is now being planned. 

The response of the new telephone receiver 
is about 5dB better than that of the old 
one, and the transmission frequency band has 
been extended up to 3600c/s. The structure 
of the new telephone receiver has been de- 
signed so as to be suitable for massproduction. 


2. Design 


The equivalent circuit of a telephone re- 
ceiver whose construction is as shown in 
Fig. 1 can be represented as shown in Fig. 2 
(a). Simplified equivalent circuits are shown 
in Fig. 2(b) and in Fig. 2 (c). 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, Feb. 15, 1959. Originally published 
in the Kenkya Zituyéka Hokoku (Electrical Communt- 
cation Laboratory Technical Journal), N.T.T., Vol. 9, 
No. 5, pp. 447-474, 1960. 
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Fig. 1—The structure of telephone receiver. 


The s, m, r, z and Q in the figure repre- 
sent stiffness, mass, mechanical resistance, 
mechanical impedance and displacement re- 
spectively. The relationships between the 
elements of the equivalent circuit are as 
follows: 


S41 
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Fig. 2—Equivalent circuits. 
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Using the symbols of the equivalent circuit, 


the specific response q of the 


q= Set Aa z: 
NE ia WARIS 
es il 
Sow 2 ote eee) 


y | Se 
r_+jo{m_—(s_/w?)} 


p-S-2 


telephone 
receiver can be represented as follows: 


(3) 


where 


g=Specific response (b/ y watt ) 
P=Sound pressure developed in coupler 
or ear cavity (dynes/cm’) 
I=Receiver current (Amperes) 
Z=Electric free impedance of receiver 
(Ohms) 
S)=Effective area of receiver diaphragm 
(cm*) 
A=Force factor (dynes/Ampere) 
s_9=Stiffness of coupler. 


2.1. Response in the Low Frequency 
Region 


In Eq. (3), putting, r+jom<s/jo, we ob- 
tain: 


A p_-S_2 

oo ‘ 4 

5 Sov Z So+P-S-2+P+S+2 ee 

From Eq. (1) and (2), 
S-1=S_(Sp+p_S_2+p+S+2) 
—— 
1+,/ 1+ : 
x / eee + p+S+2) : (5) 


On the other hand, 


where « is the modulus of volume elasticity 


of air. Substituting Eqs.(5) and (6) into 
Eq. (4) 
q te, ene So ih 
2 AP ZV Sotp_-S_2+p+S+2 
x 2 SCR 


: A4s_» 
1+,/ 1+ 
4/ S_(Syt+p-S_2+P+S42) 


The free impedance Z of the receiver is 
represented by the sum of the damped im- 
pedance R+jwL and the motional impedance. 
In the low frequency region, the free im- 
pedance Z can be expressed as follows: 
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Z =R+joL( 1 ead (8) 


then, putting 
A2 


je ee 
Wo 2MoL 


(9) 


where mp is the mass of the vibrating dia- 
phragm including the armature mass m, and 


pa : (10) 


We obtain the low-frequency specific response 
as follows: 


Li 3 28 
t=) oy TEV TOTS 


k 


YRlsare: 


x 


When &, 8, and S_ are given in the design 
of the driving system and the vibrating 


system, the response can be obtained from 
Bgag@h): 
The values of the 2nd and 3rd terms of 
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Fig. 3 (a)—28/1+ 71+ (28)?/S- vs. 8. 
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Eq. (11) are shown in Fig. 3 (a) and (b). As 
they do not exceed 1, the maximum value 
of the response is given by: 


= a) 
sey (12) 
qo Vat 


2.2. Response vs. Frequency Charac- 
teristics 


Because >, s_, Ss_2, and p_ in Eq. (3) are 
independent of frequency, the terms relating 
to the frequency characteristics are given by 


AS it Se 
VZ w(Z+z-+2+) r_-+jo{m_—(s_/w)} 
(13) 


where |A// Z| is determined by the magnetic 
circuit design only. 

The measured values of |A// Z| of two 
typical samples are shown in Fig.4(a) and 
(b). These values are approximately propor- 
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Fig. 4—Tow typical curves of 20 logy A/ /Z 


frequency characteristics. 


tional to 1/./ over the frequency range 
from 300 to 3600c/s. Therefore, to obtain 
a flat response each element in the equivalent 
circuit must be so determined that the re- 
maining term 


| 1 s. 
(w(2ytz2-+24) 4r_-t+jo{m_—(s_/w*)} 


is proportional to Vo. 

The two sets of examples, which are shown 
in Fig.5 (a) and (b), have been obtained by 
use of the equivalent circuit shown in Fig. 2 
(c). 

The right-hand side of Fig.5 shows the 
value of each element, while the left-hand 
side shows the characteristics of the receiver 
using these elements. Sometimes the value 
of |A/./ Z| deviates from the ratio of 1// |, 
owing to the construction of the magnetic 
circuit. In such cases, the value of each 
element should be changed slightly during 
the final adjustment. 


2.3. Practical Design 


The inner and outer pole pieces are ar- 
ranged concentrically in the magnetic circuit. 
The dimensions of the magnetic circuit were 
determined aftcr a series of experiments made 
for a study of the effects of various dimen- 
sions. 

The construction decided upon is shown in 
Fig.6. The inner pole piece is made of an 
alloy of 45% Ni and 55% Fe, and has a 
diameter of 6mm. The outer pole piece is 
made of magnetic iron. The central portion 
of the outer pole piece is raised in a power 
press, permitting the use of a small armature 
without decreasing the space for the voice 
coil.“ The armature is made of an alloy of 
49% Co, 2% V, and 49% Fe, and has a 
thickness of 0 4mm. 

The dimensions of the pole piece and the 
armature are determined so as to be suitable 
for production, and to make A//Lmz large. 
The magnet is made of Barium Ferrite, and 
a protection ring surrounds it to prevent 
mechanical shock. 


The rating of the magnetic circuit was 
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m!  ¥ig.5 (a)—Frequency character- 
istics for design. 
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explained for an example using the following 
Armature assumptions: diameter of the diaphragm is 
Inner pole 40mm, fo is 1700 c/s, and S_ is equal to 
Outer pole 0.3. 
esi The effective area, stiffness, and effective 
aero mass of the formed diaphragm are given 
Eaing approximately as follows: 


Fig. 6—The construction of magnetic circuit. 
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determined as follows from experimental 


results. An EN’ 1 
Ae KIS 3 OX 10° CGS; eG ae ; Ay2 4 : (15) 
Sn= 0.32 X 10° dyne/cm (negative 1—vt a loge ») 
field stiffness) 
ma=0.38 g (mass of armature) My = Ma +ra?hp(1.22»—0.22) (16) 


and the impedance angle of the coil is equal 
to 60°. where 
The design of the vibrating system and 
the calculation of the response shall now be E=Young’s modulus 
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o=Poisson’s ratio 

o=density 

v=b/a, b is inner diameter of diaphragm 
h=thickness of diaphragm. 


By using Eqs. (14), (16), (9), (10), and (11), 
gy can be obtained as a function of A and ». 
If it is assumed that fhe stability factor 
#=S00/Sn should not be less than 2, the com- 
bination of h and » is confined within a 
definite region. In the region where y is less 
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than 2 and fo’ is higher than 1700c/s, a 
receiver suitable for practical production can 
not be designed. By making use of Fig. 7 (a) 
and (b), », h, and gy can be determined. 

A diaphragm of the same type construction 
as that of the No. 4 telephone set is consider- 
ed suitable. The authors recommend the dia- 
phragm structure shown in Fig. 8 after study- 
ing the results of research on the form and 
the method of supporting the armature. The 
authors have ascertained that the diaphragm 
can be made almost creep-free against the 
magnetic attractive force. 


0. 065 


AA’ 


Fig. 8—The construction of diaphragm. 


3. Stability Factor* 


When a force is axially applied to a formed 
diaphragm, if the force is small, the displace- 
ment increases linearly. 

As the applied force becomes large enough, 
the displacement becomes non-linear. 

Fig.9 shows the displacement of the dia- 
phragm of the new telephone receiver with 
an axially applied force. Force vs. displace- 
ment characteristics obtained for the like 
diaphragms generally proves dissymmetry of 
the displacement in both sides of the rest 


a Stability factor w is defined as: 


_ stiffness of diaphragm 
negative field stiffness ” 
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Fig. 9—Displacement vs. force 


characteristics of dia- 
phragm (1). 
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Fig. 10—Displacement vs. force characteristics 
of diaphragm (2). 


1,500 


position. Fig. 10 presents an example actually 
measured. 

The attractive force vs. gap distance charac- 
teristics of the magnetic circuit are shown 
by the solid curve in Fig.11. For the mag- 
netic circuit in combination with the dia- 
phragm, the restoring force of the diaphragm 
is shown as a dashed curve. “B” shows the 
diaphragm rest position before the magnet 
core is magnetized. 

The magnetic gap can never become less 
than the thickness of the non-magnetic dia- 
phragm which is 0.065 mm. 

If the dashed curve occupies a_ higher 
position than the solid curve in the figure 
for the magnetic gap distance between the 
g=0.065 mm and the abscissa of “A,” the 
receiver operates stably. 

The mechanical stiffness of the diaphragm 
is calculated from the tangent of the dashed 
curve at point A. We obtain the value of 
Soo 0.13 10° dyne/em- 

The negative field stiffness is similarly 
obtained from the tangent of the solid curve 
at point A, s,—0.32 x 10° dyne/cm. 

Stability factor y is given by: 


In this receiver, by utilizing the non-lineari- 
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ty of diaphragm displacement and the exist- curve (b) is preferable because it does not 
ence of non-magnetic diaphragm materials vary. In our telephone receiver a hole dia- 
near the pole piece, the operation of the meter of 0.5mm was adopted. 


receiver could be made quite stable despite 
of the low value of v. 


4. Leakage Hole for Pressure Balance 


The accoustic impedance of a small hole 
located on the diaphragm has a non-linear 
characteristic. For example, (a) and (b) of 
Fig.12 show the response vs. frequency 
characteristics when small holes with dia- 
meters of 0.8mm and 0.5mm _ respectively 
are located on the diaphragm. 

In both cases, the response vs. frequency 
characteristics vary with the electric power 
applied to the telephone receiver. This change 
of characteristics is not attributed to the non- 
linear magnetic characteristics, but to the 
effect of the hole. 

However, this change of characteristics is 
desirable when the receiver is actually used 60 = Ee ee ee 
for communication, this effect is weakened Soe eee 3 ae 

; weakene 
by the existence of leakage between the ear Brahe 
and the ear piece. From the standpoint of Fig. 12—Response vs. frequency characteristics 
production control of the telephone receiver, of receiver with leakage hole. 
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5. Temperature Characteristics of 
the Response 


It is known that the magnetic character- 
istics of barium ferrite varies with temperature 
more than those of the usual magnet alloys. 
Telephone receivers using this kind of magnet 
should be affected by temperature as little as 
possible. 

In order to minimize the variation of 
polarizing magnetic flux due to temperature, 
the dimension of the magnet should be such 
that the operating field H of the magnet 
is approximately 60% of the coersive force 
H,.. We can satisfy this condition by demag- 
netizing the magnet. It is necessary to fix 
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at o00 CUS 
———— 
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Fig. 13—Response and impedance vs. superim- 
posed direct current characteristics. 


the sensitivity lower than the value of maxi- 
mum sensitivity by 1 to 2dB. The curves 
in Fig. 13 (a) and (b) suggest this method of 
adjustment. 

By the treatment mentioned above, the 
change of specific response 20 logy) P/IV/Z, 
and the impedance Z) are kept approximately 
within 4dB and 10 Ohms respectively over a 
temperature range of —20 to 50°C. 


6. Construction and Performance of 
the New Telephone Receiver 


The construction of the new telephone 
receiver is shown in Fig.14. It is of the 
enclosed moisture-and-dust-proof type. Slits are 
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Fig. 15—Response and impedance vs. frequency 
characteristics of new telephone re- 
ceiver (with R-4 receiver). 
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Fig. 14—The structure of new telephone receiver. 
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used as damping elements. The thickness of 
the slit spacer is 0.12 mm. 

A typical example of the frequency charac- 
teristics of the specific response and the 
impedance are shown by a solid curve in 
Fig. 15 (a) and (b). 

For the purpose of comparison, the charac- 
teristics of the Present Standard R-4 Receiver 
are indicated by a dashed curve in the same 
figure. 


7. Conclusion 


In this paper the outline of method and 
the representative data of the design of the 
new telephone receiver are described. 

The merits of this receiver may be sum- 
marized as follows: 

1) The specific response has been improved 
by about 5dB compared with that of R-4 
receiver used to date. 

2) During the design of this receiver the 
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cost of the individual parts and the cost of 
the entire receiver were carefully considered. 
It is expected that the cost of this receiver 
will be about 10% less than the cost of the 
R-4 receiver. 
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Journ. Inst. Electr. Comm. Engr. Japan, 43, 8, pp. 901-905, Aug., 1960 


This paper proves that an arbitrary two-dimensional vector function whose square is integrable in region S can 
be expanded in the mean by a set of transverse components of normal mode in a conventional waveguide of cross 
section S, on the basis of the completeness theorem of scalar functions. 


U.DC. 621.374.32:511.1 


The Circuit Detecting the Number of Bits 
Noriyoshi KUROYANAGI 
Journ. Inst. Electr. Comm. Engr. Japan, 43, 7, pp. 794-800, July, 1960 


A circuit that has sensing functions which enable it to sense the number of bits of logical value 1 (or 0) which 
continue from the least or most significant digit in one operation is described. 


U-D.C. 621.3759 


Two-Phase Excitation of Parametrons Used in Logical Circuits 
Masaru ONO 
Journ. Inst. Electr. Comm. Engr. Japan, 43, 7, pp. 822-825, July, 1960 


Advantages and disadvantages of two-phase excitation of parametrons used in logical circuits are discussed. 
Preliminary experiments carried out with simple magnetic gates, which are necessary for building logical circuitss 
are also mentioned. 


U.D.C. 621.395.623:621.318.3 


The Magnetic Circuit of the Telephone Receiver 
Ryozo ARAKI and Tatsuo SHIMAMURA 
Journ. Inst. Electr. Comm. Engr. Japan, 48, 8, pp. 894-900, Aug., 1960 


The data necessary for the design of the driving system of a telephone receiver are obtained through systematic 
experiments on the concentric type magnetic circuit. A practical procedure for the design of a telephone receiver 


is described. 
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U.D.C. 621.395.636.1:621.552 


Some Considerations on the Governor for Telephone Dials 
Tetsuo KUDO 
Journ. Inst. Electr. Comm. Engr. Japan, 43, 7, pp. 800-806, Aug., 1960 


A fly-bar type telephone-dial governor is preferable to a drive-bar type governor from the standpoints of low 
manufacturing cost and stable regulation. Several conditions of restraint occuring in the design of the governor 
are also discussed. 
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